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Results of the current doctoral work are presented and discussed in detail in three 
Chapters. All three research projects deal with activation and cleavage of inert carbon-
halogen bonds. Chapter 1 describes a new chemical transformation, the Pd-catalyzed 
synthesis of aroyl azides from iodoarenes, CO, and sodium azide. In Chapter 2, we 
report a mechanistic study of the novel Ph-X (X = I, Br, Cl) activation with Ru(II) 
complexes. Chapter 3 deals with C-F activation of highly inert fluoroform (CHF3) using 
alkali metal hydroxides and alkoxides. A summary of the work performed on each of 
these three projects is presented below. 
 
I . Palladium-Catalyzed Azidocarbonylation of A romatic Iodides 
Aroyl azides (ArCON3) are useful building blocks and intermediates in the preparation 
of various valuable chemicals.1 We have developed a methodologically unprecedented 
catalytic route to aroyl azides from iodoarenes, CO, and NaN3  
(Scheme S1).2,3 
 
Scheme S1. Pd-catalyzed azidocarbonylation of iodoarenes. 
While looking similar to the long-known4 Heck alkoxy-, hydroxy-, and 
aminocarbonylation reactions (Scheme S2), the azidocarbonylation is a vastly more 
challenging transformation in at least three respects. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Bräse, S.; Banert, K. Organic Azides: Syntheses and Applications; John Wiley & Sons: Chichester, 
2010.  
2 Miloserdov, F. M.; Grushin, V. V. Angew. Chem. Int. Ed. 2012, 51, 3668. 
3 0LORVHUGRY ) 0 0F0XOOLQ & / %HOPRQWH 0 0 %HQHW-%XFKKRO] - %DNKPXWRY 9 ,
0DFJUHJRU6$*UXVKLQ992UJDQRPHWDOOLFV 
4 (a) Schoenberg, A.; Bartoletti, I.; Heck, R. F. J. Org. Chem. 1974, 39, 3318. (b) Schoenberg, A.; Heck, 
R. F. J. Org. Chem. 1974, 39, 3327. (c) Schoenberg, A.; Heck, R. F. J. Am. Chem. Soc. 1974, 96, 7761. 
(d) Garrou, P. E.; Heck, R. F. J. Am. Chem. Soc. 1976, 98, 4115. 
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Scheme S2. The Heck carbonylation of aryl halides. 
 
(1) Heck-type carbonylation reactions usually occur at 80 oC or above. At such 
temperatures, aroyl azides are unstable, undergoing the Curtius rearrangement to 
isocyanates. 
(2) The desired aroyl azide product is highly reactive toward tertiary phosphines (the 
Staudinger reaction), and therefore can quickly and irreversibly deactivate the 
catalyst by sequestering the PR3 ligands stabilizing the Pd center (Scheme S3). 
(3) A key step in the catalytic loop governing the carbonylation reaction is migratory 
insertion of CO into the Pd-C bond of [(R3P)2Pd(Ar)(X)], the intermediate that is 
produced in the preceding step of Ar-X substrate oxidative addition to  
R3P-stabilized Pd(0). For X = I, Br, and Cl, this reaction usually occurs easily and 
cleanly at room temperature and atmospheric pressure.4d In sharp contrast, 
complexes of the type [(R3P)2Pd(Ph)N3] (R = Me, Et) do not undergo CO 
insertion into the Pd-Ph bond but are rather converted to [(R3P)2Pd(Ph)NCO] with 
concomitant release of N2 under similar conditions (r.t., 1 atm CO),5 as shown in 
Scheme S4.  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
 
5 Kim, Y.-J.; Kwak, Y.-S.; Lee, S.-W. J. Organomet. Chem. 2000, 603, 152. 
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Scheme S3. Staudinger reaction leading to Pd catalyst deactivation. 	  
 
Scheme S4. 'LIIHUHQWUHDFWLYLW\RIı-aryl palladium halides and azides toward CO . 
 
The key to success in the development of the aromatic azidocarbonylation  
(Scheme S1) was the finding of the highly efficient Xantphos-based system that 
catalyzes this reaction under exceedingly mild conditions (20-50 oC, 1 atm of CO).6 
After initial optimization2 the catalytic synthesis of aroyl azides was demonstrated for a 
broad variety of substrates with 2 mol % Pd. However, subsequent catalyst deactivation 
studies yielded a reliable process occurring efficiently in the presence of only 0.2 mol % 
of air-stable [(Xantphos)PdCl2] as added catalyst. The reaction has been demonstrated 
on a gram scale for a number of substrates bearing various functional groups on the 
aromatic ring (Table S1).3 The desired products can be isolated pure or used without 
isolation, i.e. in situ, for further transformations to primary benzamides, isocyanates, 
ureas, etc. (Scheme S5). 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
6 The Xantphos-based catalytic system is unique. In the presence of other ligands (PPh3, o-Tol3P, Cy3P,  
t-Bu3P, dppe, dppp, dppb, dppf, rac-BINAP, i-Pr-Xantphos, t-Bu-Xantphos, and DPEphos), PhCON3 was 
produced from PhI in only 0-6% yield under a variety of conditions. 
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7DEOH63G-FDWDO\]HGD]LGRFDUERQ\ODWLRQRILRGRDUHQHVPPROLQWKHSUHVHQFHRI
>;DQWSKRV3G&O@Â&+&O  PRO DQG 30+6
D $OO \LHOGV DUH LVRODWHG \LHOGV RI
SXUHSURGXFWV 
 
     
DJ EJ GJE HJF IJF 
    
 
JJ MJ NJ RJ TJ 
a Reaction conditions: ArI (10 mmol), NaN3 (12 mmol), [(Xantphos)PdCl2]Â&+2Cl2 (0.02 mmol; 0.2 mol 
% Pd), K2CO3 (0.2 mmol; 2 mol %), in THF (0.5 mL) and water (2 mL) at 23 oC. b 2 mL THF. c 3 mL 
THF. 
 
 
 
 
6FKHPH6([DPSOHVRIWUDQVIRUPDWLRQVRIDQDUR\OD]LGHSURGXFHGE\WKH
D]LGRFDUERQ\ODWLRQUHDFWLRQDQGXVHGZLWKRXWLVRODWLRQ 
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Considering the explosive properties and shock-sensitivity of certain (but not all) 
organic azides, a detailed safety study of the Pd-catalyzed azidocarbonylation reaction 
has been carried out. As a result of this evaluation, the reaction and its products have 
been found safe to perform and use on the laboratory scale. In accord with this 
conclusion, we have not had a single accident working on the azidocarbonylation 
project. It is worth to emphasize, however, that all azido derivatives should always be 
handled with care. 
Experimental and computational7 studies have identified two main reaction pathways 
for the process (Scheme S6), both involving Ar-I oxidative addition to Pd(0) as the rate-
determining step.  
 
 
6FKHPH6(VWDEOLVKHGPHFKDQLVPVRI3G-FDWDO\]HGD]LGRFDUERQ\ODWLRQRIDU\OLRGLGHV
LQWKHSUHVHQFHRI&2LQH[FHVV/RRSDQGXQGHU&2-GHILFLHQWFRQGLWLRQV/RRS 
 
In the presence of CO in excess, ArI is activated by the less electron-rich Pd(0) 
bearing both Xantphos and CO (Scheme S6, Loop 1). Under CO-deficient conditions, a 
lower-energy pathway is followed (Scheme S6, Loop 2), involving Ar-I oxidative 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
7 The DFT computational studies were performed by Dr. C. L. McMullin and Prof. S. A. Macgregor 
(Heriot-Watt University, U.K.). 
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addition to more reactive, carbonyl-free (Xantphos)Pd(0). Mass transfer in the triphasic 
liquid-liquid-gas system employed for the reaction plays an important role in the 
competition between these two reaction channels, uniformly leading to a common aroyl 
azido intermediate A  that undergoes exceedingly facile ArCO-N3 reductive elimination. 
Both catalytic loops have been modeled stoichiometrically by the synthesis and full 
characterization, including by X-ray diffraction, of the intermediates involved: 
[(Xantphos)Pd(dba)], [(Xantphos)Pd(CO)2], [(Xantphos)Pd(COPh)I], and 
[(Xantphos)Pd(Ph)(N3)]. 
 
I I . Mechanistic Study of A ryl Halide Activation with Ruthenium (I I) 
Hydrido Complexes 
In 2011, an interesting Ph-X (X = Cl, Br, I) bond cleavage reaction with 
[(Ph3P)3Ru(H2)(H)2] (1) in the presence of styrene (Scheme S7) was found in our 
laboratories.8 
 
6FKHPH63K-;DFWLYDWLRQZLWK>3K35X++@-VW\UHQH 
SuchIDFLOH3K-;DFWLYDWLRQZLWKUXWKHQLXPDWURRPWHPSHUDWXUHLVXQSUHFHGHQWHG,W
LVSDUWLFXODUO\LQWULJXLQJWKDW LVGHYRLGRIKLJKO\EDVLFEXON\SKRVSKLQHOLJDQGVWKDW
DUHFULWLFDOIRUHIILFLHQW$U-;DFWLYDWLRQHVSHFLDOO\IRU; &O93UHOLPLQDU\PHFKDQLVWLF
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
8 (a) Muñoz, B. K., 2011, unpublished results. (b) Miloserdov, F. M.; McKay, D.; Muñoz, B. K.; 
Samouei, H.; Macgregor, S. A.; Grushin, V. V., submitted for publication. 
9 (a) Grushin, V. V.; Alper, H. Chem. Rev. 1994, 94, 1047. (b) Grushin, V. V.; Alper, H. Top. Organomet. 
Chem. 1999, 3, 193. (c) Littke, A. F.; Fu, G. C. Angew. Chem., Int. Ed. 2002, 41, 4176. (d) Bedford, R. 
B.; Cazin, C. S. J.; Holder, D. Coord. Chem. Rev. 2004, 248, 2283. 
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VWXGLHV KDYH VKRZQ WKDW WKH UHDFWLRQ RI KDOREHQ]HQHV ZLWK -VW\UHQH LV D QRQUDGLFDO
SURFHVVDQGVXJJHVWHGWKDW WKHUHDFWLYHVSHFLHVPLJKWEH-FRRUGLQDWH>3K35X+@
WKDWLVJHQHUDWHGE\K\GURJHQDWLRQRIVW\UHQHZLWK107KLV-HFRPSOH[FDQDOVREH
SURGXFHG XSRQ GLVVRFLDWLRQ RI 3K3 DQG 1 IURP >3K35X+@  DQG
>3K35X+1@UHVSHFWLYHO\
E7KHUHIRUHERWKDQGKDYHDOVREHHQWHVWHG
LQWKHUHDFWLRQDQGIRXQGWRDFWLYDWHSKHQ\OKDOLGHV7ZRPRUHLQWHUHVWLQJREVHUYDWLRQV
KDYHEHHQPDGHE112QHLVWKDWLQWKHSUHVHQFHRI3K,LQODUJHH[FHVVFDHTXLY
UDSLGO\HTXLOLEUDWHVZLWKPHU->3K35X+3K,@6FKHPH6 
 
6FKHPH6(TXLOLEULXPEHWZHHQ>3K35X+@DQG>3K35X+3K,@ 
ThePRVWVWULNLQJILQGLQJKRZHYHUKDVEHHQWKHOLQHDUGHFD\RIDQGIRUPDWLRQRI
-,LQWKHUHDFWLRQZLWK3K,LQH[FHVV6FKHPH6XQWLOQHDUO\IXOOFRQYHUVLRQRI-
,QRWKHUZRUGVWKHUDWHVRIGLVDSSHDUDQFHRIDQGRIWKHIRUPDWLRQRI-,ZHUH
FRQFHQWUDWLRQ LQGHSHQGHQW LH ]HURWK RUGHU 6XFK DUUHVWLQJ NLQHWLF EHKDYLRU KDV QRW
EHHQUHSRUWHGIRU LQHUWERQGDFWLYDWLRQZLWK WUDQVLWLRQPHWDOFRPSOH[HVDQGFDQQRWEH
UDWLRQDOL]HG E\ FRQYHQWLRQDO NLQHWLF VFKHPHV12 7KHUHIRUH ZH KDYH FDUULHG RXW D
GHWDLOHGH[SHULPHQWDODQGFRPSXWDWLRQDO VWXG\RI WKH UHDFWLRQVRI >3K35X+@ 
ZLWKLRGR-EURPR-DQGFKORUREHQ]HQHLQRUGHUWRHVWDEOLVKWKHLUPHFKDQLVPE13 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
10 (a) [(Ph3P)3Ru(H)2] is an elusive species that has been convincingly proposed as a highly reactive 
intermediate but never unambiguously characterized in the solid state or in solution.10b (b) Samouei, H.; 
Miloserdov, F. M.; Escudero-Adán, E. C.; Grushin, V. V. Organometallics 2014, 33, 7279 and references 
cited therein. 
11 Samouei, H., 2013, unpublished results. 
12 Espenson, J. H. Chemical Kinetics and Reaction Mechanisms, 2nd Ed.; McGraw-Hill: New York, 
1995. 
13 The DFT computational studies were performed by Dr. D. McKay and Prof. S. A. Macgregor (Heriot-
Watt University, U.K.). 
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6FKHPH65HDFWLRQRI>3K35X+@ZLWK3K, 
7KHUDWHODZ(T6IRUWKHDFWLYDWLRQRI3K,ZLWK6FKHPH6DVGHWHUPLQHGE\
WKHPHWKRGRILQLWLDOUDWHVVKRZVWKDW WKHUHDFWLRQLV ILUVWRUGHULQERWKDQG3K,DQG
QHJDWLYH ILUVW RUGHU LQ 33K 7KLV LV FRQVLVWHQW ZLWK D PHFKDQLVP LQYROYLQJ 
SUH-HTXLOLEULXPEHWZHHQDQGPHU->3K35X+3K,@6FKHPH6+RZHYHU(T6
FRXOGQRW DFFRXQW IRU WKHREVHUYHG ]HURWKRUGHU EHKDYLRU:H WKHUHIRUHSURSRVHG WKDW
WKLVGLVFUHSDQF\PLJKWEHGXHWRDXWRFDWDO\VLV14DQGVWXGLHGWKHUHDFWLRQRIZLWK3K,
DIWHUIXOOFRQYHUVLRQWR-,LQPRUHGHWDLO0RQLWRULQJWKHUHDFWLRQRIZLWK3K,E\+
DQG 3^+` 105 UHYHDOHG D VWDUWOLQJ NLQHWLF SURILOH VKRZLQJ WKDW DIWHU WKH QHDUO\
TXDQWLWDWLYHIRUPDWLRQRI-,LWGHFD\HGH[SRQHQWLDOO\)LJXUH6 
G>-,@GW N>@>3K,@>33K@-  (T6 
 
)LJXUH6.LQHWLFSURILOHIURPWKHUHDFWLRQRI0ZLWK3K,0DWR& 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
14 (a) Singh, K. J.; Hoepker, A. C.; Collum, D. B. J. Am. Chem. Soc. 2008, 130, 18008. (b) Hoepker, A. 
C.; Gupta, L.; Ma, Y.; Faggin, M. F.; Collum, D. B. J. Am. Chem. Soc. 2011, 133, 7135. 
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7KHILQDOSURGXFWRIWKHUHDFWLRQDSSHDUHGWREH>3K35X,ȝ-,@)LJXUH6
LQGLFDWLQJ WKDW-, SURGXFHG LQ WKH ILUVW VWHS UHDFWVZLWK3K, H[FHVV WR JLYH  DORQJ
ZLWK3K+DQGRQH HTXLY RI33K 6FKHPH6$Q LQGHSHQGHQW NLQHWLF VWXG\RI WKH
UHDFWLRQRI-,ZLWK3K,OHDGLQJWRKDVSURGXFHGWKHNLQHWLFODZSUHVHQWHGLQ(T6
/LNHWKHILUVWVWHSLHWKHIRUPDWLRQRI-,IURP6FKHPH6WKHUHDFWLRQRI-,ZLWK
3K,LVSRVLWLYHILUVWRUGHULQERWKWKH5XFRPSOH[-,DQG3K,DQGQHJDWLYHILUVWRUGHU
LQ33K 
 
-G>-,@GW N>-,@>3K,@>33K@-  (T6 
 
 
)LJXUH6257(3GUDZLQJRI>3K35X,ȝ-,@ZLWKDOO+DWRPVRPLWWHGIRU
FODULW\DQGWKHUPDOHOOLSVRLGVGUDZQWRWKHSUREDELOLW\OHYHO 
 
 
6FKHPH65HDFWLRQRI>3K35X+,@-,ZLWK3K, 
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2QFHIRUPHGLQWKHILUVWVWHS-,UHDFWVZLWK3K,DIWHU33KGLVVRFLDWLRQ(T6WR
JLYH>3K35X,@WKDWPD\GLPHUL]HWRSURGXFHVHHDERYH,WKDVEHHQVKRZQLQ
DQLQGHSHQGHQWH[SHULPHQWKRZHYHUWKDWFRPSURSRUWLRQDWHVZLWKWKHDV\HWXQUHDFWHG
VWDUWLQJGLK\GULGHWRUHYLYH-,LQDUHDFWLRQWKDWLVFRQVLGHUDEO\IDVWHUWKDQERWKWKDW
EHWZHHQ 3K, DQG DQG WKH GLPHUL]DWLRQ OHDGLQJ WR  6FKHPH6 ,Q WKLVZD\ WKH
FRQGLWLRQIRUWKHDXWRFDWDO\VLVN!!NLVPHW 
 
 
6FKHPH60HFKDQLVWLFVFKHPHIRUDXWRFDWDO\VLVLQWKHUHDFWLRQRIZLWK3K, 
 
7KH FRLQFLGHQWDO VLPLODULW\ RI N    î 
- PLQ- VW VWHS (T 6 DQG N   
î-PLQ-QGVWHS(T6DWR&UHVXOWVLQWKH]HURWKRUGHUEHKDYLRUREVHUYHG
IRU WKHGHFD\RIDQGWKHIRUPDWLRQRI-,7KLVUDUHNLQHWLFFDVHLVPHWKRGRORJLFDOO\
VLPLODU WR WKH DXWRFDWDO\VLV LQ WKH OLWKLXP GLLVRSURS\ODPLGH-PHGLDWHG RUWKR-OLWKLDWLRQ
UHDFWLRQV VWXGLHG E\ &ROOXP 7KH PRGHO SUHVHQWHG LQ 6FKHPH 6 SURYLGHV DQ
H[FHOOHQW ILW WR WKH NLQHWLF GDWD DV VKRZQ LQ )LJXUH 6 6LPLODU VWXGLHV KDYH EHHQ
FRQGXFWHGIRUWKHUHDFWLRQVRIZLWK3K%UR&DQG3K&OQHDWR& 
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)LJXUH63ORWRIFRQFHQWUDWLRQVYVWLPHIRUWKHUHDFWLRQRI>3K35X+@0
LQLWLDOFRQFHQWUDWLRQZLWK3K,0DWR&DVPRQLWRUHGE\+^3`DQG3^+`
105VSHFWURVFRS\'DWDSRLQWVDUHIURPWKHH[SHULPHQWDOPHDVXUHPHQWV7KHFXUYHV
DUHIURPWKHNLQHWLFPRGHO 
 
7KHSHUIRUPHG')7 VWXG\ DFFRUGVZLWK WKH H[SHULPHQWDO GDWD VKRZLQJ WKDW ERWK
WKHLQLWLDODQGRQZDUGUHDFWLRQVLQYROYHSKRVSKLQHSUH-GLVVRFLDWLRQIURP5XDVWKHILUVW
VWHS +DOREHQ]HQH FRRUGLQDWLRQ WR 5X WKURXJK WKH KDORJHQ DWRP DQG VXEVHTXHQW
UHDUUDQJHPHQWWRDʌ-ERXQGȘ-3K;FRPSOH[OHDGVWRWKHHIILFLHQW3K-;ERQGEUHDNLQJ
IROORZHG E\ 3K-+ UHGXFWLYH HOLPLQDWLRQ 7KH FDOFXODWLRQV VXJJHVW WKDW WKH UDWH-
GHWHUPLQLQJVWHSLQDOORIWKHUHDFWLRQVRI3K;; ,%U&OEXWRQHLVWKHFOHDYDJHRI
WKH&-;ERQG7KHRQO\H[FHSWLRQOLNHO\IRUVWHULFUHDVRQVLVWKHUHDFWLRQRIZLWK3K,
ZKHUH WKH KLJKHVW EDUULHU ZDV FDOFXODWHG IRU WKH IRUPDWLRQ RI WKH ʌ-ERXQG Ș-3K;
DGGXFW7KHFRPSXWHGǻ*YDOXHVDUH LQH[FHOOHQWDJUHHPHQWZLWK WKRVHGHULYHGIURP
WKH H[SHULPHQWDOO\ GHWHUPLQHG UDWH FRQVWDQWV N DQG N XVLQJ WKH (\ULQJ HTXDWLRQ 
7DEOH6 
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7DEOH 6 &RPSXWHG DQG H[SHULPHQWDOO\ GHWHUPLQHG ǻ* YDOXHV NFDOPRO IRU 3K-;
DFWLYDWLRQZLWKVWVWHSDQGQGVWHS 
 
VW3K-;$FWLYDWLRQ QG3K-;$FWLYDWLRQ 
')7 ([SHULPHQW ')7 ([SHULPHQW 
,     
%U     
&O  -   
 
I I I . A lcoholysis of F luoroform 
In UHFHQW years, fluoroform (CHF3, HFC-23) has become a center of attention as a potent 
greenhouse gas with the second highest global warming potential of 11,700 (100 years) 
and a long, 264-year atmospheric lifetime. The continuous release of HFC-23 waste 
streams into the atmosphere should be stopped as otherwise it will likely lead to an 
ecological disaster.15 Therefore, the large quantities of the side-generated fluoroform 
should be destroyed or utilized.16 As fluoroform currently lacks industrial applications 
on a scale comparable with that of its production, the destruction of HFC-23 is the only 
viable solution to the problem.17 The available methods to eliminate large quantities of 
fluoroform, a flame retardant, are thermal oxidation, catalytic hydrolysis, and plasma 
destruction. All of these processes are costly and none of them is free from considerable 
drawbacks. Therefore, it is highly desirable to develop alternative utilization processes. 
We KDYH studied reactions of fluoroform with simple bases, NaOH and KOH, as well 
as with alkali metal alkoxides in the corresponding alcohols under mild conditions. 
Surprisingly little has been previously reported on such reactions. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
15 Bomgardner, M. M. Chem. Eng. News 2013, 91, 6. 
16 Grushin, V. V. Chim. Oggi 2014, 32, 81. 
17 Han, W.; Li, Y; Tang, H; Liu, H J. F luorine Chem. 2012, 140, 7. 
UNIVERSITAT ROVIRA I VIRGILI 
NEW TRANSFORMATIONS BASED ON ACTIVATION OF INERT CARBON-HALOGEN BONDS WITH AND WITHOUT TRANSITION 
Miloserdov Fedor Mikhailovich 
Dipòsit Legal: T 825-2015 
 Synopsis 
 
   20  
We KDYH found18 that CHF3 readily reacts with NaOH or KOH under solvent-free 
conditions at 140 oC and initial pressure of 50 psi. The reaction produces the 
corresponding formate salt (55-65%) and fluoride as the main products along with small 
quantities (ca. 10%) of CO (Scheme S12). 
 
 
6FKHPH65HDFWLRQVRIIOXRURIRUPZLWKDONDOLPHWDOK\GUR[LGHV 
 
7KH UHDFWLRQV RI IOXRURIRUP ZLWK 1D2+ LQ YDULRXV DOFRKROV 52+ RFFXU LQ WKH
WHPSHUDWXUH UDQJH RI - R& WR JLYH 1D) +&21D DQG WKH FRUUHVSRQGLQJ
RUWKRIRUPDWH +&25 7KHUH KDYH EHHQ QR SXEOLFDWLRQV UHSRUWLQJ WKH IRUPDWLRQ RI
RUWKRIRUPDWHV IURP IOXRURIRUP DOWKRXJK WKH UHDFWLRQRI FKORURIRUPZLWK DONDOLPHWDO
DONR[LGHV LV ZLGHO\ XVHG WR SUHSDUH WKH FRUUHVSRQGLQJ RUWKRIRUPDWH HVWHUV19 7KH
FRQYHUVLRQ RI WKH EDVH GLG QRW H[FHHG - ZLWK WKH \LHOG RI WKH RUWKRIRUPDWH
GHFUHDVLQJ LQ WKHRUGHU5 (W !0H! L-3U! W-%X7KH
IRUPDWLRQRIVPDOOTXDQWLWLHVRIWKHFRUUHVSRQGLQJ52&+)FDZDVREVHUYHGLQ
DOORIWKHVHUHDFWLRQV 
$JDLQVW previously reported observations,20 fluoroform is sufficiently reactive toward 
MOR (M = Na, K) in ROH (R = Me, Et, i-Pr, t-Bu, and Allyl) to give the corresponding 
orthoformate esters in 55-90% yield, provided the reactions are carried out at 80-120 oC 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
18 Miloserdov, F. M.; Grushin, V. V. J. F luorine Chem. 2014, 167, 105. 
19 DeWolfe, R. H. Carboxylic Ortho Acid Derivatives; Preparation and Synthetic Applications (Organic 
Chemistry, a Series of Monographs, Vol. 14); Academic Press: New York, 1970. 
20 Hine, J; Dowell, A. M. Jr.; Singley, J. E. Jr. J. Am. Chem. Soc. 1956, 78, 479. 
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(Scheme S13). Particularly notable is the formation of HC(OBu-t)3 (75-80% yield), an 
exotic organic compound that has been previously synthesized only once and only in 
3% yield.21 The reaction of CHF3 with t-BuONa in t-BuOH has been successfully 
scaled up (0.1 mol) to furnish pure HC(OBu-t)3 in 62% isolated yield (4.8 g). The 
structure of this compound has been confirmed by single-crystal X-ray diffraction 
(Figure S4). 
 
 
6FKHPH65HDFWLRQVRIIOXRURIRUPZLWKDONDOLPHWDODONR[LGHV 
 
 
)LJXUH6257(3GUDZLQJRI+&2%X-WZLWKWKHUPDOHOOLSVRLGVGUDZQDWWKH
SUREDELOLW\OHYHO 
 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
21 Hine, J; Dalsin, P. D.; Schreck, J. O. J. Org. Chem. 1969, 34, 3609. 
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2UJDQLFKDOLGHVKDORFDUERQVDUHFKHPLFDOFRPSRXQGVWKDWFRQWDLQDFRYDOHQWFDUERQ-
KDORJHQERQG&-;ZKHUH; )&O%URU ,&KHPLFDO SURSHUWLHVRIKDORFDUERQVDUH
ODUJHO\ DWWULEXWHG WR WKH KLJKHU HOHFWURQHJDWLYLW\12 RI WKH KDORJHQV UHODWLYH WR FDUERQ
ZKLFKUHVXOWVLQSRODUL]DWLRQRIWKH&-;ERQGDQGLQGXFWLRQRIDSDUWLDOSRVLWLYHFKDUJH
RQ WKH FDUERQ DWRP 6FKHPH 3 $V D UHVXOW LQ FKHPLFDO WUDQVIRUPDWLRQV RUJDQLF
KDOLGHV XVXDOO\ SDUWLFLSDWH DV HOHFWURSKLOHV RU R[LGDQWV RU ERWK 6FKHPH  7KH
UHDFWLYLW\ RI WKH FDUERQ-KDORJHQ ERQG YDULHV VLJQLILFDQWO\ GHSHQGLQJ RQ WKH QDWXUH RI
ERWK;DQGWKHRUJDQLFJURXS5LQWKHRUJDQLFKDOLGH5;47RGHILQHZKDWLVLPSOLHGE\
DFWLYDWLRQRILQHUWFDUERQ-KDORJHQERQGVZHZLOOSURYLGHDQRYHUYLHZRIWKHPDLQW\SHV
RIFKHPLFDOWUDQVIRUPDWLRQVRIRUJDQLFKDOLGHVDQGWKHLUPHFKDQLVPV 
 
Scheme 1. Pauling electronegativity1 values for C , H , and halogens (X).2 
 
Scheme 2. Examples of chemical transformations where a halocarbon reacts as an 
electrophile (1), an oxidant (2), and both an electrophile and an oxidant (3). 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Pauling, L. J. Am. Chem. Soc. 1932, 54, 3570. 
2 Allred, A. L. J. Inorg. Nucl. Chem. 1961, 17, 215. 
3 Vollhardt, K. P. C.; Schore, N. E. Organic Chemistry: Structure and Function 6th Ed.; W. H. Freeman 
and Company: New York, 2011. 
4 Patai S., Ed. The Chemistry of Carbon-Halogen Bond; John Wiley & Sons: Bristol, 1973.  
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6XEVWLWXWLRQUHDFWLRQVDWWKH&VS±;ERQG1XFOHRSKLOLFVXEVWLWXWLRQUHDFWLRQVRI
DON\OKDOLGHVW\SLFDOO\SURFHHGYLD61RU61PHFKDQLVPV6FKHPH
57KHEDFNVLGH
DWWDFN RI D QXFOHRSKLOH LQ 61 UHDFWLRQV FDQ RFFXU ZLWK VXEVWUDWHV WKDW DUH QRW WRR
VWHULFDOO\KLQGHUHGDQG DVD UHVXOW WKLVPHFKDQLVPFDQRSHUDWHRQO\ IRUSULPDU\DQG
VRPH VHFRQGDU\ DON\O KDOLGHV )RU VHFRQGDU\ DON\O KDOLGHV 61 UHDFWLRQV RFFXU
VWHUHRVSHFLILFDOO\ ZLWK LQYHUVLRQ RI FRQILJXUDWLRQ :DOGHQ LQYHUVLRQ6 ZKLFK PDNHV
WKHVHUHDFWLRQVDXVHIXOV\QWKHWLFWRROWRDFKLHYHWKHGHVLUHGVWHUHRFKHPLVWU\LQRUJDQLF
V\QWKHVLV 7KH UHDFWLYLW\ RI DON\O KDOLGHV 5; LQ 61 UHDFWLRQV LV LQ WKH RUGHU 
; ,!%U!&O!)7FRUUHODWLQJZLWKERWKWKHVWUHQJWKRIWKH5-;ERQGDQGWKHDELOLW\
RIWKHKHDYLHUKDOLGHVWREHDEHWWHUOHDYLQJJURXS 
 
 
Scheme 3. Examples of SN2 (top) and SN1 (bottom) reactions. 
 
1XFOHRSKLOLF VXEVWLWXWLRQ UHDFWLRQV RI WHUWLDU\ DON\O KDOLGHV DUH FRQYHQWLRQDOO\
JRYHUQHGE\61PHFKDQLVP,QLWLDOLRQL]DWLRQRIWKH&-;ERQGUHVXOWVLQWKHIRUPDWLRQ
RIDVWDEOHWHUWLDU\FDUERFDWLRQZKLFKWKHQTXLFNO\UHDFWVZLWK WKHQXFOHRSKLOHWRJLYH
WKHSURGXFW6FKHPHERWWRP$VFDUERFDWLRQVXVXDOO\FDQQRWEHREWDLQHGXQGHUEDVLF
FRQGLWLRQV61PHFKDQLVPLVW\SLFDOO\SURSRVHGRQO\IRUUHDFWLRQVLQDFLGLFRUQHXWUDO
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5 (a) March, J. Advanced organic chemistry: reactions, mechanisms and structure, 4 th Ed.; John Wiley & 
Sons: New York, 1992. (b) Clayden, J.; Greeves, N.; Warren, S.; Wothers, P. Organic Chemistry; Oxford 
University Press: New York, 2008. 
6 Walden, P. Ber. D tsch. Chem. Ges. 1896, 29, 133. 
7 (a) For instance, primary alkyl fluorides are ca. 104 times less reactive toward basic alcoholysis than 
their bromide counterparts.7b (b) Chapman, N. B.; Levy, J. L. J. Chem. Soc. 1952, 1673. 
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PHGLD8 ,Q FHUWDLQFDVHV61VXEVWLWXWLRQFDQDOVRRFFXUDW VHFRQGDU\DQGHYHQPRUH
UDUHO\ SULPDU\ FDUERQ DWRPV 6XFK UHDFWLRQV DUH REVHUYHG IRU DON\O KDOLGH VXEVWUDWHV
EHDULQJDVWURQJFDUERFDWLRQ-VWDELOL]LQJJURXSVXFKDV25RU15,QFRQWUDVWZLWK61
UHDFWLRQV 61GLVSODFHPHQW LV QRW VWHUHRVSHFLILF OHDGLQJ WR UDFHPL]DWLRQ EHFDXVH WKH
FDUERFDWLRQ LQWHUPHGLDWH LVSODQDUDQG WKHUHIRUHFDQEHDWWDFNHGE\QXFOHRSKLOHV IURP
ERWK VLGHV RI WKH SODQH ,RQL]DWLRQ RI WKH &-; ERQG LV WKH UDWH OLPLWLQJ VWHS RI 61
VXEVWLWXWLRQ9$VDUHVXOWWKHUHDFWLRQLVVLJQLILFDQWO\DFFHOHUDWHGLQSRODUVROYHQWVDQG
RFFXUV PRUH UHDGLO\ ZKHQ D PRUH VWDEOH FDUERFDWLRQ DQG D EHWWHU OHDYLQJ JURXS DUH
LQYROYHG7KHVDPHRUGHURIUHDFWLYLW\; ,!%U!&O!)LVXVXDOO\REVHUYHGIRU61
QXFOHRSKLOLFGLVSODFHPHQW10,WLVZRUWKWRQRWHWKDW61K\GURO\VLVFDQEHSURPRWHGE\
/HZLVDFLGVRIWHQ$JDQGIRUVRPHDON\OIOXRULGHVE\%U¡QVWHGDFLGV)RULQVWDQFH
K\GURO\VLV RI DON\O IOXRULGHV SURGXFHV +) ZKLFK DXWRFDWDO\]HV WKH WUDQVIRUPDWLRQ
6FKHPH E 1XFOHRSKLOLF GLVSODFHPHQW UHDFWLRQV RI DOO\O-VXEVWLWXWHG KDORDONDQHV
61RU61FDQEHDFFRPSDQLHGZLWKPLJUDWLRQRIWKHGRXEOHERQG 
 
 
Scheme 4. Acid-autocatalyzed hydrolysis of alkyl fluorides. 
 
ȕ-(OLPLQDWLRQUHDFWLRQVRIDON\OKDOLGHV(OLPLQDWLRQRI+;IURPDON\OKDOLGHVWR
JLYHDONHQHVLVDQRWKHUFODVVLFDORUJDQLFWUDQVIRUPDWLRQ7KUHHSRVVLEOHPHFKDQLVPVIRU	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
8 Grossman, R.B. The Art of Writing Reasonable Organic Reaction Mechanisms, 2nd Ed.; Springer-
Verlag: New York, 2003. 
9 Bateman, L. C.; Church, M. G.; Hughes, E. D.; Ingold, C. K.; Taher, N. A. J. Chem. Soc. 1940, 979. 
10 (a) In general, alkyl fluorides are more stable and much less reactive toward nucleophiles than their 
heavier halogen analogues. For instance, hydrolysis of secondary and tertiary fluoroalkanes occurs only at 
120-160 oC.10b There are, however, some exceptions, such as the Friedel-Crafts alkylation with RX where 
the reverse order of reactivity is observed: X = F > Cl > Br > I, with alkyl fluorides being most 
reactive.10c (b) Chapman, N. B.; Levy, J. L. J. Chem. Soc. 1952, 1677. (c) Calloway, N. O. J. Am. Chem. 
Soc. 1937, 59, 1474. 
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+;HOLPLQDWLRQ((DQG(FEDUHVKRZQLQ6FKHPH
7KH(PHFKDQLVPLVVLPLODU
WRWKDWRI61LQYROYLQJKDOLGHGLVVRFLDWLRQOHDGLQJWRWKHFRUUHVSRQGLQJFDUERFDWLRQLF
VSHFLHV 7KH ODWWHU VWURQJO\ IDYRUV D =DLWVHY-W\SH WUDQVLWLRQ VWDWH IRU WKH VXEVHTXHQW
GHSURWRQDWLRQDQGDVDUHVXOWPRUHVXEVWLWXWHGDONHQHVDUHXVXDOO\SURGXFHG6FKHPH
(UHDFWLRQVSURFHHGXQGHUFRQGLWLRQVWKDWDUHVLPLODUWRWKRVHIRU61UHDFWLRQVDQG
DUHDOVRIDYRUHGE\JRRGOHDYLQJJURXSVDQGRFFXUPRUHUHDGLO\IRUWKHKHDYLHUKDOLGHV 
 
 
6FKHPH((DQG(FEPHFKDQLVPIRUȕ-(OLPLQDWLRQUHDFWLRQ 
 
 
6FKHPH7KH=DLWVHYDQG+RIIPDQRXWFRPHVRI+;HOLPLQDWLRQUHDFWLRQV 
 
 
 
8QGHU EDVLF FRQGLWLRQV (FE DQG( HOLPLQDWLRQ SDWKZD\V DUHPRUH FRPPRQ )RU
VXEVWUDWHVZLWKVLJQLILFDQWO\DFLGLFȕ-K\GURJHQDWRPVGHSURWRQDWLRQSUHFHGHVWKH&-;
ERQG FOHDYDJH (FE ,Q WKH YDVW PDMRULW\ RI FDVHV KRZHYHU WKH ( PHFKDQLVP
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RSHUDWHV LH +; HOLPLQDWHV LQ D FRQFHUWHG PDQQHU 6XFK WUDQVIRUPDWLRQ UHTXLUH WKH
IRUPDWLRQRIDSHULSODQDULQWHUPHGLDWHZKHUHWKHRUELWDOVRIWKHUHDFWLQJ&-+DQG&-;
ERQGVDUHSDUDOOHO6FKHPH7ZRFRQIRUPDWLRQVDUHJHQHUDOO\SRVVLEOHIRU&VS±;
VXEVWUDWHV V\QSHULSODQDU HFOLSVHG DQG DQWLSHULSODQDU VWDJJHUHG $V WKH ODWWHU LV
XVXDOO\PRUHVWDEOHWKHDQWLSHULSODQDUWUDQVLWLRQVWDWHOLHVORZHULQHQHUJ\7KHRUGHURI
UHDFWLYLW\ZLWKUHVSHFWWRWKHQDWXUHRIWKHKDORJHQIRU(DQG(UHDFWLRQVLVWKHVDPH 
,!%U!&O!)7KH+RIIPDQWR=DLWVHYROHILQSURGXFWUDWLRLQ(UHDFWLRQVVWURQJO\
GHSHQGVRQWKHQDWXUHRIWKHKDORJHQ$VFDQEHVHHQIURP6FKHPHWKHTXDQWLW\RIWKH
+RIIPDQ HOLPLQDWLRQ SURGXFW LQFUHDVHV LQ WKH RUGHU ) ! &O ! %U ! ,11 7KLV LV
UDWLRQDOL]HG LQ WHUPV RI WKH( WUDQVLWLRQ VWDWH EHLQJ RI FRQVLGHUDEOH(-FKDUDFWHU IRU
ZHDNHU&-;ERQGVDQGEHWWHUOHDYLQJJURXSV;-\HWPRUHOLNH(FEIRUVWURQJO\ERXQG
PRUH HOHFWURQHJDWLYH KDOLGHV 6FKHPH  6WURQJHU VWDELOL]DWLRQ RI WKH WKXV LQGXFHG
SDUWLDOSRVLWLYHFKDUJHLQWKHEUDQFKHGWUDQVLWLRQVWDWHDQGWKHSDUWLDOQHJDWLYHFKDUJHLQ
WKHWHUPLQDOWUDQVLWLRQVWDWHDFFRXQWVIRUWKHLVRPHUUDWLRREVHUYHG 
 
 
6FKHPH$QWLSHULSODQDUDQGV\QSODQDUSDWKZD\VIRU(HOLPLQDWLRQ 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
11 Bartsch, R. A.; Bunnett, J. F. J. Am. Chem. Soc. 1968, 90, 408. 
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6FKHPH7KH=DLWVHY+RIIPDQDQG61SURGXFWVRIEDVLFPHWKDQRO\VLVRI 
-KDORKH[DQHV 
 
 
6FKHPH(WUDQVLWLRQVWDWHVDSSURDFKLQJ(OHIWDQG(FEULJKWLQWHUPHGLDWHV 
 
Į-(OLPLQDWLRQUHDFWLRQV+DORDONDQHVFDQUHDFWYLD+;HOLPLQDWLRQIURPWKHVDPH
FDUERQDWRPWRSURGXFHFDUEHQHV7KHVLPSOHVWH[DPSOHRIĮ-HOLPLQDWLRQRI+;LVWKH
JHQHUDWLRQ RI GLKDORFDUEHQHV IURP WKH FRUUHVSRQGLQJ KDORIRUPV DQG D EDVH 6FKHPH
 ,Q PDQ\ LQVWDQFHV ELSKDVLF FRQGLWLRQV IDFLOLWDWH WKLV SURFHVV12 7KH UHDFWLRQ
SURFHHGVYLDDPHFKDQLVPVLPLODUWRWKDWRI(FEWKHLQLWLDOVWHSEHLQJGHSURWRQDWLRQWR
JLYHWKHWULKDORDON\ODQLRQZKLFKWKHQHOLPLQDWHVWKHKDOLGHWRJLYHWKHFDUEHQH137KH
ODWWHU FDQ EH XVHG IRU QXPHURXV WUDQVIRUPDWLRQV LQFOXGLQJ WKH IRUPDWLRQ RI
F\FORSURSDQHV ULQJH[SDQVLRQ14 WKH5HLPHU-7LHPDQQIRUP\ODWLRQ15 WKHV\QWKHVLVRI
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
12 )HGRU\ĔVNL0Chem. Rev. 2003, 103, 1099. 
13 Hine, J.; Dowell, A. M., Jr.; Singley, J. E., Jr. J. Am. Chem. Soc. 1956, 78, 479. 
14 (a) Alexander, E. R.; Herrick, A. B.; Roder, T. M. J. Am. Chem. Soc. 1950, 72, 2760. (b) Rees, C. W.; 
Smithen, C. E. J. Chem. Soc. 1964, 938. 
15 Wynberg, H. Chem. Rev. 1960, 60, 169. 
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RUWKRIRUPDWHV16DQGV\PPHWULFDONHQHV17RU LQFHUWDLQFDVHVXQGHUJRHVK\GURO\VLVWR
&2 DQG WKH IRUPDWH DQLRQ 6FKHPH  )RU EDVLF K\GURO\VLV WKH IROORZLQJ RUGHU RI
UHDFWLYLW\KDVEHHQREVHUYHG&+%U&O)!!&+%U&O!&+%U&O§&+&O,!&+%U!
&+&O !! &+)
 %HFDXVH RI WKH SRRU UHDFWLYLW\ RI IOXRURIRUP &+&O) LV
FRQYHQWLRQDOO\HPSOR\HGWRJHQHUDWHGLIOXRURFDUEHQH18 
 
 
6FKHPH0HFKDQLVPRIGLKDORFHUEHQHVIRUPDWLRQIURPKDORIRUPV 
 
 
6FKHPH([DPSOHVRIUHDFWLRQVLQYROYLQJGLKDORFDUEHQHLQWHUPHGLDWHV 
 
:KLOH DOFRKRO\VLV RI KDORIRUPV SURFHHGV H[FOXVLYHO\ WKURXJK WKH FDUEHQH
LQWHUPHGLDWH VLPLODU UHDFWLRQV RI GLKDORPHWKDQHV SUHGRPLQDQWO\ RFFXU YLD 61
QXFOHRSKLOLF VXEVWLWXWLRQ19 JHP-'LKDORDONDQHV FDQ EH XVHG WR JHQHUDWH FDUEHQHV RU
FDUEHQRLGV YLD PHWDO-KDOLGH H[FKDQJH RU PHWDODWLRQ SDWKZD\V 6FKHPH  )RU
H[DPSOHWKH&+,-=Q&XV\VWHPJLYHVULVHWR,&+=Q,DFDUEHQRLGWKDWLVZLGHO\XVHG
LQRUJDQLFV\QWKHVLVIRUDONHQHF\FORSURSDQDWLRQWKH6LPPRQV-6PLWKUHDFWLRQ 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
16 DeWolfe, R. H. Carboxylic Ortho Acid Derivatives; Preparation and Synthetic Applications (Organic 
Chemistry, a Series of Monographs, Vol. 14); Academic Press: New York, 1970. 
17 Hine, J.; Dalsin, P. D.; Schreck, J. O. J. Org. Chem. 1969, 34, 3609. 
18 Miller, T. G.; Thanassi, J. W. J. Org. Chem. 1960, 25, 2009. 
19 Hine, J.; Duke, R. B.; Glod, E. F. J. Am. Chem. Soc. 1969, 91, 2317. 
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6FKHPH&DUEHQHDQGFDUEHQRLGJHQHUDWLRQIURPJHP-GLKDORDONDQHV 
 
8QUHDFWLYH RUJDQLF KDOLGHV 7KH SUREOHP RI DURPDWLF FDUERQ-KDORJHQ ERQG
DFWLYDWLRQ7KHDERYH-GHVFULEHGQXFOHRSKLOLFGLVSODFHPHQWDQGHOLPLQDWLRQUHDFWLRQVRI
DON\OKDOLGHVFRQVWLWXWHRQHRIWKHPRVWLPSRUWDQWSRZHUIXOWRROVRIRUJDQLFV\QWKHVLV
7KHUH DUH KRZHYHU FODVVHV RI KDORFDUERQV WKDW H[KLELW SRRU UHDFWLYLW\ HYHQ XQGHU
GUDVWLFFRQGLWLRQVHJPDQ\RUJDQLFIOXRULGHV20 
0RVWKDORDUHQHV$U;VXFKDVVLPSOHKDOREHQ]HQHVUHSUHVHQWRQHRIWKHPRVWZHOO-
NQRZQ H[DPSOHV RI RUJDQLF PROHFXOHV EHDULQJ LQHUW FDUERQ-KDORJHQ ERQGV
1XFOHRSKLOLF VXEVWLWXWLRQ DW WKH DURPDWLF FDUERQ DWRP FDQQRW RFFXU YLD FRQYHQWLRQDO
61DQG61PHFKDQLVPVIRUDQXPEHURIUHDVRQV,RQL]DWLRQRIWKH$U-;ERQGZRXOG
SURGXFH WKH DU\O FDWLRQ $U WKDW LV KLJKO\ XQVWDEOH $V D UHVXOW KDORDUHQHV FDQQRW
XQGHUJRQXFOHRSKLOLFGLVSODFHPHQWUHDFWLRQVYLDWKH61PHFKDQLVP)XUWKHUPRUH61
UHDFWLRQVRIKDORDUHQHVGRQRWRFFXUEHFDXVHWKHEDFN-VLGHRIWKH&-;ERQGLVEORFNHG
E\WKHDURPDWLFULQJIRUQXFOHRSKLOLFDWWDFN 
$URPDWLFFRPSRXQGVDUHXELTXLWRXV LQFKHPLVWU\ DQGELRORJ\0RGHUQGUXJV FURS
SURWHFWLRQ DJHQWV SRO\PHUV G\HV PDWHULDOV IRU HOHFWURQLFV H[SORVLYHV HWF FRQWDLQ
DURPDWLF PRLHWLHV *LYHQ WKH H[FHSWLRQDO LPSRUWDQFH RI DURPDWLF FRPSRXQGV LQ RXU
HYHU\GD\OLIHLWLVFULWLFDOWRILQGZD\VWRDFWLYDWHDQGIXQFWLRQDOL]HWKHXQUHDFWLYH$U-;
ERQGV IRU XVH RI UHDGLO\ DYDLODEOH DQG HDVLO\ DFFHVVLEOH LQH[SHQVLYH DU\O KDOLGHV LQ
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
20 D 5LFKPRQG7*7RS2UJDQRPHW &KHP  E$PLL+ 8QH\DPD.&KHP 5HY
  F&ORW((LVHQVWHLQ2-DVLP10DFJUHJRU6$0F*UDG\-(3HUXW]51
$FF&KHP5HV   G:KLWWOHVH\0.3HULV($&6&DWDO 
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V\QWKHVLV $Q RYHUYLHZ RI JHQHUDO PHWKRGV IRU DFWLYDWLRQ RI KDORDUHQHV LV SURYLGHG
EHORZ 
 
$URPDWLFQXFOHRSKLOLFVXEVWLWXWLRQ61$U2QHRIWKHROGHVWZD\VWRHQKDQFHWKH
UHDFWLYLW\ RI WKH KLJKO\ LQHUW$U-; ERQGV LV WR LQWURGXFH VWURQJ HOHFWURQ-ZLWKGUDZLQJ
VXEVWLWXHQWV LQWR RWKHU SRVLWLRQV RI WKH DURPDWLF ULQJ21 6XFK HOHFWURQ-GHILFLHQW DU\O
KDOLGHVDUHVXVFHSWLEOHWRQXFOHRSKLOLFDWWDFNRQWKHʌ-V\VWHPRIWKHULQJOHDGLQJWRWKH
IRUPDWLRQ RI WKH VR-FDOOHG 0HLVHQKHLPHU LQWHUPHGLDWH ZKLFK WKHQ XQGHUJRHV KDOLGH
HOLPLQDWLRQWRJLYHWKHSURGXFW6FKHPH 
 
 
6FKHPH61$UUHDFWLRQ 
 
,Q61$U UHDFWLRQV WKH LQLWLDO QXFOHRSKLOLF DWWDFNGLVUXSWV DURPDWLFLW\ DQGJLYHV WKH
WHWUDKHGUDO0HLVHQKHLPHUFRPSOH[WKDWIRUPDQ\$U;VXEVWUDWHVOLHVWRRKLJKLQHQHUJ\
DQGLVWKHUHIRUHLQDFFHVVLEOH+RZHYHU61$UVXEVWLWXWLRQFDQHIILFLHQWO\SURFHHGIRUWKH
VR-FDOOHGDFWLYDWHGKDORDUHQHVFRQWDLQLQJJURXSVWKDWGHORFDOL]HWKHHOHFWURQGHQVLW\DQG
VWDELOL]H WKH 0HLVHQKHLPHU LQWHUPHGLDWH )RU LQVWDQFH DU\O KDOLGHV EHDULQJ VWURQJ
HOHFWURQ-ZLWKGUDZLQJ VXEVWLWXHQWVRQ WKH ULQJ 12&1&25 HWF SRO\KDORJHQDWHG
DUHQHV &) &&O HWF DQG KDORJHQDWHG QLWURJHQ KHWHURF\FOHV VXFK DV S\ULGLQH
S\UD]LQH S\ULPLGLQH HWF22 FDQ UHDFW ZLWK QXFOHRSKLOHV YLD WKH 61$U SDWKZD\ ,Q D
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
21 (a) Miller, J. Aromatic Nucleophilic Substitution; Elsevier: London, 1968. (b) Terrier, F. Nucleophilic 
Aromatic Displacement: The Influence of the Nitro Group; VCH: New York, 1991. 
22 In some heterocyclic systems also ANRORC mechanism, involving ring opening, is operative. See, for 
example: Van der Plas, H. C. Acc. Chem. Res. 1978, 11, 462. 
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FRQVLGHUDEOHQXPEHURIFDVHV0HLVHQKHLPHUFRPSOH[HVDUHVWDEOHHQRXJKIRULVRODWLRQ
DQG FKDUDFWHUL]DWLRQ LQFOXGLQJ E\ VLQJOH-FU\VWDO ;-UD\ GLIIUDFWLRQ23 7KH UHDFWLYLW\ RI
0HLVHQKHLPHU-W\SHVXEVWUDWHV LQ61$UGLVSODFHPHQWSURFHVVHV VWURQJO\GHSHQGVRQ L
WKHRYHUDOO HOHFWURQ-GHILFLHQF\RI WKH DURPDWLF ULQJ LL WKHQDWXUHRI WKHQXFOHRSKLOH
LLL WKH QDWXUH RI WKH OHDYLQJ JURXS DQG LY UHDFWLRQ PHGLXP ,Q PRVW LQVWDQFHV
DURPDWLFIOXRULGHVDUHWKHEHVWVXEVWUDWHVIRU61$UUHDFWLRQV7KLVLVQRWDOZD\VWKHFDVH
KRZHYHU IRU UHDFWLRQV FRQGXFWHG LQ DSURWLF PHGLD ZKHUH IOXRULGH LV D SRRU
QXFOHRIXJH $OWKRXJK 61$U UHDFWLRQV DUH EURDGO\ XVHG LQ V\QWKHVLV WKHLU VFRSH LV
OLPLWHGE\WKHQHHGWRKDYHVWURQJHOHFWURQ-ZLWKGUDZLQJJURXSVSUHVHQWRQWKHDURPDWLF
ULQJRIWKHVXEVWUDWH 
 
$URPDWLFQXFOHRSKLOLFVXEVWLWXWLRQYLDDU\QHLQWHUPHGLDWHV$VGLVFXVVHGDERYH
ȕ-HOLPLQDWLRQ UHDFWLRQV DUH FRPPRQ IRU KDORDONDQHV$ VLPLODU WUDQVIRUPDWLRQ LV DOVR
NQRZQIRUDU\OKDOLGHV'HSURWRQDWLRQRIWKH&-+ERQGRUWKRWRWKHKDORJHQRQWKHULQJ
JLYHV ULVH WR DU\QHV KLJKO\ UHDFWLYH VSHFLHV WKDW HDVLO\ UHDFW ZLWK QXFOHRSKLOHV DQG
XQGHUJRRWKHUWUDQVIRUPDWLRQVVXFKDV'LHOV-$OGHUF\FORDGGLWLRQ246FKHPH6WURQJ
EDVHV VXFK DV .1+ Q-%X/L DQG /'$ RU KDUVK FRQGLWLRQV DUH XVXDOO\ QHHGHG WR
GHSURWRQDWHDU\OKDOLGHVZKLFKOLPLWVFRQVLGHUDEO\WKHVXEVWUDWHVFRSHRIWKLVUHDFWLRQ
$QRWKHU PDMRU GUDZEDFN RI WKLV PHWKRGRORJ\ LV WKH SRRU UHJLRVHOHFWLYLW\ RI
QXFOHRSKLOLF DWWDFN RQ XQV\PPHWULFDOO\ VXEVWLWXWHG DU\QHV %RWK HOHFWURQLF DQG VWHULF
IDFWRUVLQIOXHQFHZKLFKRI WKHWZRVLWHV LVSUHGRPLQDQWO\DWWDFNHG259HU\UHFHQWO\ LW
ZDV VKRZQ WKDW WKH GLVWRUWLRQ RI WKH DU\QH JHRPHWU\ FDQ DOVR KDYH DQ LPSDFW RQ	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
23 For original reports of structurally characterized Meisenheimer salts, see: (a) Ueda, H.; Sakabe, N.; 
Tanaka, J.; Furusaki, A. Nature 1967, 215, 956. (b) Ueda, H.; Sakabe, N.; Tanaka, J.; Furusaki, A. Bull. 
Chem. Soc. Jpn. 1968, 41, 2866. (c) Destro, R.; Gramaccioli, C. M.; Simonetta, M. Acta Cryst. 1968, 
B24, 1369. (d) Messmer, G. G.; Palenik, G. J. Acta Crystallogr. 1971, B27, 314. 
24 Wittig, G.; Pohmer, L. Angew. Chem. 1955, 67, 348. 
25	   Gilchrist, T.L. Arynes, In: The Chemistry of Functional Groups, Supplement C, pt. 1, Patai, S.; 
Rappoport, Z. Eds.; John Wiley & Sons: New York, 1983. 
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UHJLRVHOHFWLYLW\ RI QXFOHRSKLOLF DGGLWLRQ WR -VXEVWLWXWHG EHQ]\QHV26 $Q XQH[SHFWHG
RUGHURIUHDFWLYLW\%U!,!&O!!)27IRUWKHUHDFWLRQRIKDOREHQ]HQHVZLWK.1+LQ
OLTXLG DPPRQLD KDV EHHQ UDWLRQDOL]HG LQ WKH VHPLQDOZRUN RI5REHUWV HW DO28 )RU WKH 
&-;ERQGFOHDYDJH VWHS WKH ³QRUPDO´ UHDFWLYLW\ RUGHU ,!%U!&O!) LV H[SHFWHG
+RZHYHU IRU &-+ GHSURWRQDWLRQ WKH UHYHUVH RUGHU LV REVHUYHG ) ! &O ! %U ! ,
SDUDOOHOLQJWKHKDORJHQDWRPHOHFWURQHJDWLYLWLHV,WZDVWKHUHIRUHFRQFOXGHGWKDWLQWKH
UHDFWLRQVRI3K;ZLWK.1+WKHUDWHGHWHUPLQLQJVWHSLVGHSURWRQDWLRQIRU; ,DQG%U
EXW&-;FOHDYDJHIRU; &ODQG) 
 
 
6FKHPH*HQHUDWLRQDQGUHDFWLRQVRIDU\QHV 
 
5DGLFDO QXFOHRSKLOLF DURPDWLF VXEVWLWXWLRQ 651
29 7KHVH UHDFWLRQV RFFXU YLD D
FKDLQUDGLFDOPHFKDQLVPDVVKRZQLQ6FKHPH6LQJOHHOHFWURQWUDQVIHU6(7WRWKH
KDORDUHQHVXEVWUDWH$U;SURGXFHVWKHFRUUHVSRQGLQJUDGLFDODQLRQZKLFKHOLPLQDWHV;-
WRJLYHWKHDU\OUDGLFDO7KLVUDGLFDOWKHQUHDFWVZLWKWKHDQLRQLFQXFOHRSKLOHWRJLYHWKH
UDGLFDODQLRQRIWKHSURGXFW)LQDOO\6(7IURPWKHUHVXOWDQW$U1X-WR$U;IXUQLVKHVWKH
GHVLUHGVXEVWLWXWLRQSURGXFWZLWKWKHVLPXOWDQHRXVUHJHQHUDWLRQRI$U;-HWF 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
26 Medina, J. M.; Mackey, J. L.; Garg, N. K.; Houk, K. N. J. Am. Chem. Soc. 2014, 136, 15798. 
27 Bergstrom, F. W.; Wright, R. E.; Chandler, C.; Gilkey, W. A. J. Org. Chem. 1936, 1, 170.	  
28 Roberts, J.D.; Semenow, D.A.; Simmons, H.E., Jr,; Carlsmith, L.A. J. Am. Chem. Soc. 1956, 78, 601. 
29 (a) Bunnett, J. F. Acc. Chem. Res. 1978, 11, 413. (b) Rossi, R. A.; de Rossi, R. H. Aromatic Substitution 
by the SRN1 Mechanism; American Chemical Society: Washington, DC, 1983. 
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6FKHPH651PHFKDQLVP 
 
1XFOHRSKLOLF UHDJHQWV WKDW FDQ EH XVHG LQ 651 UHDFWLRQV DUH XVXDOO\ OLPLWHG WR
DPLGHV DQG VRPH &- 6- DQG 3-QXFOHRSKLOHV 7KH RUGHU RI UHDFWLYLW\ RI $U; 
,!%U!!&O!)LQGLFDWHVWKDW WKHUDGLFDODQLRQGLVVRFLDWLRQLV WKHUDWH-GHWHUPLQLQJ
VWHS RI WKH HQWLUH SURFHVV 7KHUHIRUH DU\O EURPLGHV DQG LRGLGHV DUH XVXDOO\ WKH
VXEVWUDWHVRIFKRLFHIRU651WUDQVIRUPDWLRQV6HOHFWHGH[DPSOHVRI651UHDFWLRQVDUH
VKRZQLQ6FKHPH 
 
 
6FKHPH([DPSOHVRIDURPDWLF651UHDFWLRQV 
 
2[LGDWLRQRIKDORJHQRQWKHDURPDWLFULQJ5HDFWLRQVRIGLDU\OKDORQLXPVDOWV$
KLJKO\ HIILFLHQW ZD\ WR HQKDQFH WKH UHDFWLYLW\ RI WKH $U-; ERQG LV WR FRQYHUW WKH
VXEVWUDWH WR WKHFRUUHVSRQGLQJGLDU\OKDORQLXPFDWLRQ30$QXPEHURIPHWKRGV H[LVW WR
V\QWKHVL]H DURPDWLF LRGRQLXP VDOWV VRPH RI ZKLFK DUH QRZ FRPPHUFLDOO\ DYDLODEOH
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
30 (a) Yusubov, M. S.; Maskaev, A. V.; Zhdankin, V. V. ARKIVOC 2011, 370. (b) Merritt, E. A.; 
Olofsson, B. Angew. Chem., Int. Ed. 2009, 48, 9052.  
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'LDU\OLRGRQLXP FDWLRQV DUH KLJKO\ UHDFWLYH WRZDUG QXFOHRSKLOHV31 DV VKRZQ LQ
6FKHPH0DQ\RIVXFKUHDFWLRQVFDQRFFXUZLWKH[FHOOHQWFKHPRVHOHFWLYLW\DWDVORZ
DVURRPWHPSHUDWXUH7KHPHFKDQLVPRIWKHVHWUDQVIRUPDWLRQVOLNHO\LQYROYHVDWWDFNRI
D QXFOHRSKLOH RQ WKH LRGLQH DWRP IROORZHG E\ &-1X UHGXFWLYH HOLPLQDWLRQ IURP WKH
UHVXOWDQWWULFRRUGLQDWH,,,,LQWHUPHGLDWH 
 
 
6FKHPH1XFOHRSKLOLFGLVSODFHPHQWUHDFWLRQVRIGLDU\OLRGRQLXPVDOWV 
 
:KLOH WKHUH DUHPDQ\ DGYDQWDJHV LQ XVLQJ GLDU\OLRGRQLXP VDOWV WR HIIHFW DURPDWLF
QXFOHRSKLOLF VXEVWLWXWLRQ WKLV PHWKRGRORJ\ DOVR KDV VRPH VHULRXV GUDZEDFNV )LUVW
LRGRQLXPVDOWVDUHFRVWO\DQGHDVLO\DFFHVVLEOHRQO\IRUDOLPLWHGQXPEHURIVXEVWLWXHQWV
RQWKHULQJ6HFRQG WKHDWRPHFRQRP\RIWKH61UHDFWLRQVRI LRGRQLXPVDOWV LVUDWKHU
ORZ VLQFH RQO\ RQH RI WKH WZR DURPDWLF ULQJV XQGHUJRHV VXEVWLWXWLRQ WKH RWKHU ULQJ
DORQJZLWK WKH LRGLQHDWRP LV WKH OHDYLQJJURXS 6FKHPH7KLUGXQV\PPHWULFDOO\
VXEVWLWXWHGGLDU\OLRGRQLXPFDWLRQV >$U,$U@XVXDOO\ UHDFWZLWKQXFOHRSKLOHV WRJLYHD
PL[WXUH RI DOO SRVVLEOH SURGXFWV$U,$U1X$U, DQG$U1X )LQDOO\ PDQ\ QHXWUDO
QXFOHRSKLOHV LQGXFH SRRUO\ VHOHFWLYH UDGLFDO UHDFWLRQV RI LRGRQLXP VDOWV $URPDWLF
EURPRQLXPDQGFKORURQLXPVDOWVWKDWKDYHEHHQNQRZQVLQFHWKH¶VDUHERWKPRUH
UHDFWLYHDQGPXFKOHVVDFFHVVLEOHWKDQWKHLULRGRQLXPFRQJHQHUV32 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
31 (a) Grushin, V. V. Acc. Chem. Res. 1992, 25, 529. (b) Grushin, V. V. Chem. Soc. Rev. 2000, 29, 315. 
321HVPH\DQRY$10DNDURYD/*7ROVWD\D737HWUDKHGURQ 
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5HDFWLRQVZLWKDFWLYHPDLQJURXSPHWDOVDQGKDORJHQ-PHWDOH[FKDQJH2UJDQLF
KDOLGHV DUH FRQYHQLHQW VWDUWLQJ PDWHULDOV IRU WKH SUHSDUDWLRQ RI RUJDQRPHWDOOLF
FRPSRXQGV E\ WZR PDMRU PHWKRGV PHWDO LQVHUWLRQ DQG KDORJHQ-PHWDO H[FKDQJH
5HDFWLRQVRIDU\OKDOLGHVZLWKPHWDOOLF/L1D330J&D34DQG=Q35DUHLQLWLDWHGE\6(7
IURPWKHPHWDOWR$U;IROORZHGE\KDOLGHHOLPLQDWLRQHJ6FKHPH6LPLODUWR651
UHDFWLRQVWKHRUGHURIUHDFWLYLW\RI$U;WRZDUGPHWDOVLV,!%U!!&O!!)5HDFWLRQV
RI/L0JDQG=QZLWKDU\O DQGDON\OKDOLGHV WRSUHSDUHRUJDQRPHWDOOLFFRPSRXQGV
DUHFRPPRQO\XVHGRQERWKWKHODERUDWRU\DQGLQGXVWULDOVFDOH 
 
 
6FKHPH6(7PHFKDQLVPRIWKHUHDFWLRQRI/LZLWKRUJDQLFKDOLGHV 
 
$OWHUQDWLYHO\DU\OKDOLGHVPLJKWEHFRQYHQLHQWO\FRQYHUWHGWRWKHFRUUHVSRQGLQJ/L
0JRU=QRUJDQRPHWDOOLFGHULYDWLYHVXSRQWUHDWPHQWZLWKVRPHPHWDODON\OV6FKHPH
7KHGULYLQJIRUFHEHKLQGWKLVPHWDO-KDORJHQH[FKDQJHUHDFWLRQLVWKHIRUPDWLRQRID
OHVV EDVLF DQGPRUH VWDEOH PHWDO DU\O 7KHPHFKDQLVP RI WKLV H[FKDQJH KDV SX]]OHG
UHVHDUFKHUVIRUPDQ\GHFDGHVDQGVWLOOUHPDLQVXQFOHDU)RULQVWDQFHHYLGHQFHKDVEHHQ
REWDLQHGIRUWKUHHGLVWLQFWUHDFWLRQSDWKZD\VRSHUDWLQJLQWKHKDORJHQ-OLWKLXPH[FKDQJH
QDPHO\  61 VXEVWLWXWLRQ DW WKH KDORJHQ DWRP  YLD DQ ³DWH-FRPSOH[´ DQG 
LQYROYLQJ6(7DVVKRZQLQ6FKHPH36%RWKDURPDWLFEURPLGHVDQGLRGLGHVXQGHUJR
HIILFLHQW PHWDO-KDORJHQ H[FKDQJH UHDFWLRQV ZKHUHDV DU\O FKORULGHV UHDFW PRUH
VOXJJLVKO\ 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
33 Seyferth, D. Organometallics 2006, 25, 2. 
34 Wu, T.-C.; Xiong, H.; Rieke, R. D. J. Org. Chem. 1990, 55, 5045. 
35 Zn is often considered as a main-block element. See, for example: Jensen, W. B. J. Chem. Educ. 2003, 
80, 953. 
36 Bailey, W. F.; Patricia. J. J. J. Organomet. Chem. 1988, 352, 1. 
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6FKHPH0HWDO-KDOLGHH[FKDQJHUHDFWLRQRIDU\OKDOLGHV 
 
 
 
6FKHPH7KUHHPHFKDQLVPVRI/L-KDORJHQH[FKDQJHUHDFWLRQVRIDU\OKDOLGHV 
 
7KHPHWDOLQVHUWLRQUHDFWLRQVXVXDOO\UHTXLUHURRPRUHOHYDWHGWHPSHUDWXUHVWRRFFXU
8QGHUVXFKFRQGLWLRQVVWURQJO\EDVLFDQGQXFOHRSKLOLFSURGXFWVDUHQRWFRPSDWLEOHZLWK
PDQ\IXQFWLRQDOJURXSV+RPRJHQHRXVPHWDO-KDORJHQH[FKDQJHFDQRIWHQEHSHUIRUPHG
XQGHU PXFK PLOGHU FRQGLWLRQV )RU H[DPSOH VRPH /L-KDORJHQ H[FKDQJH UHDFWLRQV
UHDGLO\ RFFXU DW DV ORZ DV - R& 6XFK ORZ WHPSHUDWXUHV DUH DOVR VXLWDEOH IRU WKH
SUHSDUDWLRQRI*ULJQDUGUHDJHQWVYLD50J;$U;H[FKDQJH37 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
37 Knochel, P.; Dohle, W.; Gommermann, N.; Kneisel, F. F.; Kopp, F.; Korn, T.; Sapountzis, I.; Vu, V. A. 
Angew. Chem. Int. Ed. 2003, 42, 4302. 
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$U-; DFWLYDWLRQ ZLWK WUDQVLWLRQ PHWDOV 6WRLFKLRPHWULF DQG HVSHFLDOO\ FDWDO\WLF
DFWLYDWLRQRIDU\OKDOLGHVZLWKWUDQVLWLRQPHWDOVLVDUJXDEO\WKHPRVWSRZHUIXODU\ODWLRQ
PHWKRGRORJ\ NQRZQ WR GDWH 6LQFH WKH RULJLQDO UHSRUW E\ 8OOPDQQ DQG %LHOHFNL38 LQ
FRSSHU-FDWDO\]HGSURPRWHGUHDFWLRQVRIDURPDWLFLRGLGHVDQGEURPLGHVKDYHEHHQ
ZLGHO\ XVHG LQ V\QWKHVLV IRU FDUERQ-KHWHURDWRP DQG FDUERQ-FDUERQ ERQG IRUPDWLRQ39
2YHU WKH ODVW  \HDUV KRZHYHU WKH VFHQH KDV EHHQ ODUJHO\ GRPLQDWHG E\ UHDFWLRQV
FDWDO\]HGE\SDOODGLXPFRPSOH[HVZKLFKZLWKSURSHU OLJDQGGHVLJQ FDQDFWLYDWHDQG
IXQFWLRQDOL]H QRW RQO\ DU\O LRGLGHV DQG EURPLGHV EXW HYHQ PRVW XQUHDFWLYH
FKORURDUHQHV40 7ZR FULWLFDO ILQGLQJV RI WKH ODWH ¶V WULJJHUHG WKH ELUWK RI 
3G-FDWDO\]HG UHDFWLRQV RI DURPDWLF KDOLGHV ,Q -0RULWDQL DQG )XMLZDUD41 DQG
LQGHSHQGHQWO\ DQG VLPXOWDQHRXVO\ +HFN42 UHSRUWHG WKDW V-SKHQ\O SDOODGLXP VSHFLHV
JHQHUDWHGE\DURPDWLFSDOODGDWLRQRUWUDQVPHWDODWLRQFDQDU\ODWHROHILQV,Q)LWWRQ
-RKQVRQ DQG 0F.HRQ43 RI 8QLRQ &DUELGH FRPPXQLFDWHG HIILFLHQW DFWLYDWLRQ RI
KDORDUHQHVYLD$U-;R[LGDWLYHDGGLWLRQWRD]HURYDOHQWSDOODGLXPFRPSOH[>3K33G@
7KHKLJKO\FUHDWLYHVNLOOIXOPHUJHRI WKHWZRILQGLQJVTXLFNO\IROORZHGWROHDG WRWKH
GLVFRYHU\RIWKHFDWDO\WLF0L]RURNL-+HFNUHDFWLRQ4445 WKHSRLQWRIJURZWKRIZKDWKDV
QRZEHFRPHWKHPRGHUQSDOODGLXPFDWDO\WLFFKHPLVWU\RIKDORDUHQHV 
7KHJHQHUDOLGHDRI3G-FDWDO\]HG61UHDFWLRQVRIKDORDUHQHVLVLOOXVWUDWHGE\6FKHPH
VKRZLQJWKHRYHUDOOHTXDWLRQDQGDZLGHO\DFFHSWHGPHFKDQLVPIRUWKHFDWDO\VLV,Q
WKH ILUVW VWHS WKH$U-; ERQG ;   , %U &O LV DFWLYDWHG DQG FOHDYHG YLD R[LGDWLYH
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
38 Ullmann, F.; Bielecki, J. Ber. D tsch Chem. Ges. 1901, 34, 2174.	  
39 For selected reviews, see: (a) Ley, S. V.; Thomas, A. W. Angew. Chem. Int. Ed. 2003, 42, 5400. (b) 
Beletskaya, I. P.; Cheprakov, A. V. Coord. Chem. Rev. 2004, 248, 2337. (c) Monnier, F.; Taillefer, M. 
Angew. Chem. Int. Ed. 2009, 48, 6954.	  
40 (a) Grushin, V. V.; Alper, H. Chem. Rev. 1994, 94, 1047. (b) Grushin, V. V.; Alper, H. Top. 
Organomet. Chem. 1999, 3, 193. (c) Littke, A. F.; Fu, G. C. Angew. Chem. Int. Ed. 2002, 41, 4176.	  
41 Moritani, I.; Fujiwara, Y. Tetrahedron Lett. 1967, 1119. 
42 Heck, R. F. J. Am. Chem. Soc. 1968, 90, 5518. 
43 Fitton, P.; Johnson, M. P.; McKeon, J. E. J. Chem. Soc., Chem. Commun. 1968, 6.	  
44 Mizoroki, T.; Mori, K.; Ozaki, A. Bull. Chem. Soc. Jpn. 1971, 44, 581. 
45 Heck, R. F.; Nolley, J. P. Jr. J. Org. Chem. 1972, 37, 2320. 
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DGGLWLRQ WR D 3G FDWDO\VW WR SURGXFH D ı-DU\O SDOODGLXPKDOLGH FRPSOH[ 7KH ODWWHU
WKHQ XQGHUJRHV OLJDQG H[FKDQJH RI WKH KDOLGH OLJDQG ZLWK WKH LQFRPLQJ QXFOHRSKLOH
VWHS  IROORZHG E\ UHGXFWLYH HOLPLQDWLRQ RI $U-1X WKH GHVLUHG SURGXFW DQG
FRQFRPLWDQW UHJHQHUDWLRQ RI FDWDO\WLFDOO\ DFWLYH 3G WR FRPPHQFH DQRWKHU FDWDO\WLF
WXUQRYHU $ EURDG YDULHW\ RI QXFOHRSKLOHV KDYH EHHQ VXFFHVVIXOO\ HPSOR\HG LQ WKLV
FDWDO\WLF SURFHVV LQFOXGLQJ FDUERQ QXFOHRSKLOHV LQ ZKLFK FDVH WKH UHDFWLRQ LV
FRQYHQWLRQDOO\FDOOHGFRXSOLQJRUFURVV-FRXSOLQJ46 
 
 
6FKHPH3G-FDWDO\]HGDURPDWLFQXFOHRSKLOLFGLVSODFHPHQW 
 
0RVWZLGHO\XVHGDUHFRXSOLQJUHDFWLRQVZLWK*ULJQDUGUHDJHQWV.XPDGD-&RUULX47
RUJDQRWLQ6WLOOH48DQGRUJDQR]LQF1HJLVKL49FRPSRXQGVDU\OERURQLFDFLGV6X]XNL-
0L\DXUD50DON\Q\OFDUEDQLRQV6RQRJDVKLUD51DQGDU\OVLODQHV+L\DPD523DOODGLXP-
FDWDO\]HG DU\ODWLRQV RI YDULRXV 1- 2- 6- DQG 3-QXFOHRSKLOHV KDYH DOVR EHHQ	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
46 de Meijere, A.; Diederich, F., Eds. Metal-Catalyzed Cross-Coupling Reactions, 2nd Ed.; Wiley-VCH: 
Weinheim, 2004. 
47 Knappke, C. E. I.; Jacobi von Wangelin, A. Chem. Soc. Rev. 2011, 40, 4948. 
48 Espinet, P.; Echavarren, A. M. Angew. Chem. Int. Ed. 2004, 43, 4704. 
49 Casares, J. A.; Espinet, P.; Fuentes, B.; Salas, G. J. Am. Chem. Soc. 2007, 129, 3508. 
50 Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457. 
51 Chinchilla, R.; Nájera, C. Chem. Rev. 2007, 107, 874. 
52 Denmark, S. E.; Regens, C. S. Acc. Chem. Res. 2008, 41, 1486. 
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VXFFHVVIXOO\ GHYHORSHG 7KHVH WUDQVIRUPDWLRQV RIWHQ H[KLELW KLJK IXQFWLRQDO JURXS
WROHUDQFHDQGDUHDSSOLFDEOHWRDEURDGYDULHW\RIKDORDUHQHVXEVWUDWHV7KHGHYHORSPHQW
RI SDOODGLXP FDWDO\VLV IRU WKH FKHPLVWU\ RI KDORDUHQHV KDV EHHQ RFFXUULQJ DW D
WUHPHQGRXVSDFHDVPDQLIHVWHGE\WHQVRIWKRXVDQGVRIUHVHDUFKUHSRUWVDQGWKRXVDQGV
RIUHYLHZDUWLFOHVERRNFKDSWHUVDQGPRQRJUDSKVRQWKHVXEMHFWSXEOLVKHGRYHUWKHODVW
\HDUV 
0HWDOV RWKHU WKDQ 3G FDQ EH XVHG WR HIIHFW FRXSOLQJ UHDFWLRQV RI DU\O KDOLGHV
LQFOXGLQJ&XDQG1L$NH\ VWHSRI WKHVH WUDQVIRUPDWLRQV LV R[LGDWLYHDGGLWLRQRI WKH 
$U-;ERQGWR3G1LRU&X,FHQWHUVZKLFKLQFUHDVHVWKHR[LGDWLRQVWDWHRIWKH
PHWDOE\WZR6FKHPH7KUHHPDLQPHFKDQLVPVRIR[LGDWLYHDGGLWLRQUHDFWLRQVDUH
NQRZQ53 2QH LV RI 61 W\SH ZLWK WKH WUDQVLWLRQ PHWDO FHQWHU SOD\LQJ WKH UROH RI D
QXFOHRSKLOH7KHUHDFWLRQRI9DVND¶VFRPSOH[ZLWKPHWK\OLRGLGHLVDW\SLFDOH[DPSOHRI
DQ61R[LGDWLYHDGGLWLRQ6FKHPH
54/LNHFRQYHQWLRQDO61UHDFWLRQVVHHDERYH
WKLV W\SH RI R[LGDWLYH DGGLWLRQ LV QRW DSSOLFDEOH WR DURPDWLF KDOLGHV55 $QRWKHU
PHFKDQLVP WKDW VRPHWLPHV JRYHUQV$U-; R[LGDWLYH DGGLWLRQ LQYROYHV 6(7 HJ WKH
UHDFWLRQRIDU\OLRGLGHVZLWK>1L3(W@6FKHPH
56 
 
6FKHPH$U-;R[LGDWLYHDGGLWLRQ 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
53 D+DUWZLJ-)2UJDQRWUDQVLWLRQ0HWDO&KHPLVWU\)URP%RQGLQJ WR&DWDO\VLV8QLYHUVLW\6FLHQFH
%RRNV6DXVDOLWRE.RPL\D6+LUDQR0$FWLYDWLRQRI6XEVWUDWHVZLWK3RODU6LQJOH%RQGV,Q
)XQGDPHQWDOVRI0ROHFXODU&DWDO\VLV &XUUHQW0HWKRGV LQ ,QRUJDQLF&KHPLVWU\9RO.XURVDZD+
<DPDPRWR$(GV(OVHYLHU$PVWHUGDP 
54 Chock, P. B.; Halpern, J. J. Am. Chem. Soc. 1966, 88, 3511. 
55 Evidence has been reported for SNAr oxidative addition of electron-deficient (activated) ArX to Ni(0). 
See: Foà, M.; Cassar, L. J. Chem. Soc., Dalton Trans. 1975, 2572. 
56 Tsou, T. T.; Kochi, J. K. J. Am. Chem. Soc. 1979, 101, 6319.	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6FKHPH61PHFKDQLVPRIR[LGDWLYHDGGLWLRQ 
 
 
6FKHPH6(7PHFKDQLVPRIR[LGDWLYHDGGLWLRQ 
 
7KHPRVWFRPPRQPHFKDQLVPRIR[LGDWLYHDGGLWLRQRIDU\OKDOLGHVWRFRPSOH[HVRI
WUDQVLWLRQPHWDOVLQORZR[LGDWLRQVWDWHVLVFRQFHUWHGWKUHH-FHQWHUDVVKRZQLQ6FKHPH
57 ,W LV WKLV PHFKDQLVP WKDW LV RSHUDWLRQDO LQ PRVW 3G-FDWDO\]HG UHDFWLRQV RI
KDORDUHQHV &RQFHUWHG R[LGDWLYH DGGLWLRQ LQYROYHV$U; SUHFRRUGLQDWLRQ WR WKH PHWDO
FHQWHUZKLFK REYLRXVO\ UHTXLUHV D YDFDQW FLWH LQ WKH LQQHU FRRUGLQDWLRQ VSKHUH RI WKH
FRPSOH[7KHUHDFWLYLW\RIDU\OKDOLGHWRZDUGR[LGDWLYHDGGLWLRQODUJHO\GHSHQGVRQWKH
&-;ERQGVWUHQJWK58WKDWLQFUHDVHVLQWKHURZ; ,%U&O) 
 
 
6FKHPH2[LGDWLYHDGGLWLRQRILRGREHQ]HQHWRD3GFRPSOH[ 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
57 Amatore, C.; Pflüger, F. Organometallics 1990, 9, 2276. 
58 Konovalov, A. I.; Lishchynskyi, A.; Grushin, V. V. J. Am. Chem. Soc. 2014, 136, 13410. 
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,QFRQFHUWHGR[LGDWLYHDGGLWLRQWKHPHWDOFHQWHUDFWVDVDQXFOHRSKLOHDQGWKHRUJDQLF
KDOLGHDVDQHOHFWURSKLOH7KHUHIRUHWKHSUHVHQFHRIHOHFWURQ-ZLWKGUDZLQJJURXSVRQWKH
DURPDWLF ULQJ DQG HOHFWURQ-ULFK OLJDQGV IDFLOLWDWHV WKHVH WUDQVIRUPDWLRQV %XON\ EDVLF
SKRVSKLQHVDUHRIWHQWKHOLJDQGVRIFKRLFHIRUDFWLYDWLRQRIPRVWXQUHDFWLYHKDORDUHQHV
EHFDXVH VXFK OLJDQGV SURYLGH WKH PHWDO FHQWHU ZLWK ERWK HOHFWURQ GHQVLW\ DQG
FRRUGLQDWLYH XQVDWXUDWLRQ VHH DERYH $V H[SHFWHG WKH UHDFWLYLW\ WRZDUG R[LGDWLYH
DGGLWLRQRIPHWDOVZLWKLQ WKHVDPHJURXSYDULHV LQYHUVHO\ZLWK WKHLU HOHFWURQHJDWLYLW\
HJ1LȤ !3GȤ !3WȤ  
 
$U; DFWLYDWLRQ E\ ʌ-FRRUGLQDWLRQ WR WUDQVLWLRQ PHWDOV (OHFWURSKLOLFLW\ RI DU\O
KDOLGHVFDQEHLQFUHDVHGGUDPDWLFDOO\E\FRRUGLQDWLRQRI/HZLVDFLGLFPHWDOFHQWHUVWR
WKH ʌ-V\VWHP RI WKH DURPDWLF ULQJ )RU LQVWDQFH WKH HIIHFW RI ʌ-FRRUGLQDWLRQ RI VRPH
PHWDOLRQVWR$U;ZLWKUHVSHFWWR;FDQEHFRPSDUDEOHWRWKDWRIWKUHHQLWURJURXSVLQ
WKHRUWKR DQGSDUDSRVLWLRQV598QVXUSULVLQJO\ WKHUHIRUH KDORDUHQH ʌ-FRPSOH[HVRIWHQ
H[KLELWKLJKUHDFWLYLW\LQ61$UUHDFWLRQV6FKHPH 
 
 
6FKHPH61$UUHDFWLRQVRIʌ-FRRUGLQDWHGKDORDUHQHV 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
59 Goryunov, L. I.; Romanova, N. M.; Zhilovskii, G. S.; Shteingarts, V. D. Russ. J. Org. Chem. 2007, 43, 
1765. 	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7KHRUGHURIUHDFWLYLW\RIʌ-FRPSOH[HVRI$U;WRZDUGQXFOHRSKLOHVLVFKDUDFWHULVWLF
RI61$U LH; )!&O!%U! , FKORURDUHQHVEHLQJFRQVLGHUDEO\ OHVV UHDFWLYH WKDQ
WKHLU IOXRUR DQDORJXHV %URPR- DQG LRGRDUHQHV DUH SRRU VXEVWUDWHV IRU 61$U-W\SH
UHDFWLRQV7KHKLJKHUWKHSRVLWLYHFKDUJHRQWKHPHWDOWKHJUHDWHUWKHUHDFWLYLW\RIWKH
$U-;ERQGLQ>/Q0$U;@)RULQVWDQFHWKHHIIHFWRI0/QLVVLPLODUWRWKDWRIRQHWZR
DQG WKUHHQLWURJURXSV LQ WKHRUWKR DQGRUSDUDSRVLWLRQV IRU&U&20Q&2
DQG
5KȘ-&0H(WUHVSHFWLYHO\607KHQDWXUHRIWKHPHWDOZLWKLQRQHJURXSFDQKDYHD
VLJQLILFDQWHIIHFWRQUHDFWLYLW\RI$U;WRZDUGQXFOHRSKLOHV)H!5X!2VRUYLUWXDOO\
QR HIIHFW &U§0R§:$V IROORZV IURP6FKHPH ʌ-FRRUGLQDWLRQ-LQGXFHG61$U
UHDFWLRQVRIKDORDUHQHVFRXOGLQSULQFLSOHEHSHUIRUPHGLQDFDWDO\WLFPDQQHU)RUWKDW
WR KDSSHQ KRZHYHU DUHQHDUHQH OLJDQG H[FKDQJH EHWZHHQ WKH SURGXFW >/Q0$U1X@
DQG WKH VXEVWUDWH$U; VKRXOG RFFXU DW UDWHV FRPSDUDEOH WR WKRVH RI WKH QXFOHRSKLOLF
GLVSODFHPHQWVWHS$OWKRXJKVRPHVXFKUHDFWLRQVKDYHEHHQUHSRUWHG61RYHUDOOWKHUHKDV
EHHQ OLWWOH SURJUHVV LQ WKH DUHD EHFDXVH RI WKH LQWULQVLFDOO\ KLJK LQHUWQHVV RI Ș-DUHQH
FRPSOH[HVLQYROYHG 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
60 Semmelhack, M. F.; Chlenov, A. Top. Organomet. Chem. 2004, 7, 43. 
61 See, for example: (a) Houghton, R. P.; Voyle, M. J. Chem. Soc. Perkin Trans. I 1984, 925. (b) 
Goryunov, L. I.; Litvak, V. V.; Shteingarts V. D. Izv. Sib. O td. Akad. Nauk SSSR, Ser. Khim. Nauk 
1985, 1, 132. (c) Goryunov, L. I.; Litvak, V. V.; Shteingarts V. D. Zh. Org. Khim. 1987, 23, 1230. (d) 
Otsuka, M.; Endo, K.; Shibata, T. Chem. Commun. 2010, 46, 336. (e) Otsuka, M.; Yokoyama, H.; Endo, 
K.; Shibata, T. Synlett 2010, 2601. 
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Introduction 
,Q  6FKRHQEHUJ DQG +HFN1 UHSRUWHG WKHLU JURXQGEUHDNLQJ GLVFRYHU\ RI 
3G-FDWDO\]HG FDUERQ\ODWLRQ RI KDORDUHQHV 6FKHPH  6LQFH WKHQ WKLV UHDFWLRQ KDV
EHFRPH RQH RI WKH PRVW SRZHUIXO WRROV IRU WKH V\QWKHVLV RI DURPDWLF FDUERQ\O
FRPSRXQGVLQERWKODERUDWRU\DQGLQGXVWULDOVHWWLQJV2 
 
 
Scheme 1.1. Heck Pd-catalyzed carbonylation of aryl halides. 
 
:KLOH D EURDG YDULHW\ RI RUJDQLF QXFOHRSKLOHV KDYH EHHQ HPSOR\HG LQ WKH 
3G-FDWDO\]HGFDUERQ\ODWLRQRIKDORDUHQHVWRIXUQLVKDYDULHW\RISURGXFWV6FKHPH
WKH XVH RI LQRUJDQLF QXFOHRSKLOHV LVPXFK OHVV FRPPRQ:LWK WKH H[FHSWLRQ RI DONDOL
EDVHVWKDWDUHIUHTXHQWO\XWLOL]HGLQWKHV\QWKHVLVRIWKHFRUUHVSRQGLQJEHQ]RDWHV3RQO\
WKUHH H[DPSOHV RI WKH DSSOLFDWLRQ RI LQRUJDQLF QXFOHRSKLOHV LQ WKH +HFN-W\SH
FDUERQ\ODWLRQ DUHNQRZQ ,Q WKH¶V7DQDND UHSRUWHG WKH F\DQRFDUERQ\ODWLRQ4 DQG
IOXRURFDUERQ\ODWLRQ5 ZLWK .&1 DQG &V) UHVSHFWLYHO\ 6LQFH WKHQ WKH
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 (a) Schoenberg, A.; Bartoletti, I.; Heck, R. F. J. Org. Chem. 1974, 39, 3318. (b) Schoenberg, A.; Heck, 
R. F. J. Org. Chem. 1974, 39, 3327. (c) Schoenberg, A.; Heck, R. F. J. Am. Chem. Soc. 1974, 96, 7761. 
2 For recent reviews on Pd-catalyzed carbonylation reactions of aryl halides, see: (a) Fang, W.; Zhu, H.; 
Deng, Q.; Liu, S.; Liu, X.; Shen, Y.; Tu, T. Synthesis 2014, 46, 1689. (b) Wu, X.-F.; Neumann, H.; 
Beller, M. Chem. Rev. 2013, 113, 1. (c) Roy, S.; Roy, S.; Gribble, G. W. Tetrahedron 2012, 68, 9867. (d) 
Wu, X.-F.; Neumann, H.; Beller, M. Chem. Soc. Rev. 2011, 40, 4986. (e) Magano, J.; Dunetz, J. R. Chem. 
Rev. 2011, 111, 2177. (f) Grigg, R.; Mutton, S. P. Tetrahedron 2010, 66, 5515. (g) Brennführer, A.; 
Neumann, H.; Beller, M. Angew. Chem. Int. Ed. 2009, 48, 4114. (h) Barnard, C. F. J. Organometallics 
2008, 27, 5402.  
3 (a) Cassar, L.; Foà, M. J. Organomet. Chem. 1973, 51, 381. (b) Bumagin, N. A.; Nikitin, K. V.; 
Beletskaya, I. P. J. Organomet. Chem. 1988, 358, 563. (c) Grushin, V. V.; Alper, H. Organometallics 
1993, 12, 3846. (d) Grushin, V. V.; Alper, H. J. Am. Chem. Soc. 1995, 117, 4301. 
4 Tanaka, M. Bull. Chem. Soc. Jpn. 1981, 54, 637. 	  
5 Sakakura, T.; Chaisupakitsin, M.; Hayashi, T.; Tanaka, M. J. Organomet. Chem. 1987, 205. 
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IOXRURFDUERQ\ODWLRQ KDV EHHQ GHPRQVWUDWHG IRU DU\O EURPLGHV6 7KH WKLUG H[DPSOH LV
PRVW UHFHQW LQ 4XHVQHO DQG$UQGWVHQ UHSRUWHG WKH FKORURFDUERQ\ODWLRQ RI DU\O
LRGLGHV ZLWK 3K3%Q&O RU %X1&O DV WKH FKORULGH VRXUFH LQ WKH SUHVHQFH RI D 
3G-3W-%X FDWDO\VW78 7KHUH KDYH EHHQ QR UHSRUWV RI 3G-FDWDO\]HG FDUERQ\ODWLRQ
UHDFWLRQVZLWK RWKHU LQRUJDQLF QXFOHRSKLOHV VXFK DV EURPLGH LRGLGH VXOILGH F\DQDWH
WKLRF\DQDWHDFHWDWH9QLWULWHD]LGHHWF 
 
 
Scheme 1.2. Common types of Pd-catalyzed aromatic carbonylation.2 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
6 (a) Okano, T.; Harada, N.; Kiji, J. Bull. Chem. Soc. Jpn. 1992, 65, 1741. (b) Ueda, T.; Konishi, H.; 
Manabe, K. Org. Lett. 2013, 15, 5370. 
7 Quesnel, J. S.; Arndtsen, B. A. J. Am. Chem. Soc. 2013, 135, 16841.	  
8 (a) It worth to note, that the first examples of Pd-catalyzed chloro8b and fluorocarbonylation8c reactions 
XQGHUGUDVWLFFRQGLWLRQVZHUHGLVFORVHGLQ'X3RQWSDWHQWVILOHGLQWKH¶Vbefore the Heck reports.1 (b) 
Mador, I. L.; Scheben, J. A. U.S. Patent 3452090, 1969. (c) Prichard, W. W. U.S. Patent 3632633, 1972.  
9 (a) The use of benzoates for the synthesis of corresponding anhydrides was reported9b (b) Pri-Bar, I.; 
Alper, H. J. Org. Chem. 1989, 54, 36. 
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$UR\O D]LGHV DUH LPSRUWDQW EXLOGLQJ EORFNV LQ WKH SUHSDUDWLRQ RI YDULRXV XVHIXO
FRPSRXQGV107KHPRVWZLGHO\ NQRZQ DQGXVHG WUDQVIRUPDWLRQ RI DUR\O D]LGHV LV WKH
&XUWLXV UHDUUDQJHPHQW IXUQLVKLQJDURPDWLF LVRF\DQDWHVZKLFKFDQEHFRQYHUWHG WR WKH
FRUUHVSRQGLQJ DQLOLQHV FDUEDPDWHV RU XUHDV7KH UHGXFWLRQ RI EHQ]R\O D]LGHV DIIRUGV
SULPDU\ DPLGHV7HUWLDU\ SKRVSKLQHV DUH RIWHQ HPSOR\HG DV UHGXFLQJ DJHQWV IRU DON\O
DQGDU\OD]LGHVWKH6WDXGLQJHUUHGXFWLRQ11EXWQRWIRUDF\OD]LGHVEHFDXVHWKHLQLWLDOO\
SURGXFHG1-DF\O LPLQRSKRVSKRUDQHV6FKHPHDUHPRUHK\GURO\WLFDOO\VWDEOH WKDQ
WKHLU1-DON\ORU1-DU\O DQDORJXHV12$ IRUPDO >@F\FORDGGLWLRQ UHDFWLRQRIEHQ]R\O
D]LGHVZLWKDON\QHVWRJLYHR[D]ROHVKDVEHHQUHFHQWO\UHSRUWHG136FKHPH 
 
 
Scheme 1.3. Selected reactions of aroyl azides. 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
10 For general reviews, see: (a) Scriven, E. F. V.; Turnbull, K. Chem. Rev. 1988, 88, 297. (b) Bräse, S.; 
Gil, C.; Knepper, K.; Zimmermann, V. Angew. Chem. Int. Ed. 2005, 44, 5188. (c) Bräse, S.; Banert, K. 
Organic Azides: Syntheses and Applications; John Wiley & Sons: Chichester, 2010. 
11 For a recent review of the Staudinger reaction, see: Iula, D. M., In: Name Reactions for Functional 
Group Transformations; Li, J. J.; Corey, E. J., Eds. John Wiley & Sons: Hoboken, N. J., 2007, 129. 
12 Frøyen, P. Phosphorus, Sulfur Silicon Relat. Elem. 1993, 78, 161. 
13 (a) Cano, I.; Álvarez, E.; Nicasio, M. C.; Pérez, P. J. J. Am. Chem. Soc. 2011, 133, 191. (b) Haldón, E.; 
Besora, M.; Cano, I.; Cambeiro X. C.; Pericàs M. A., Maseras, F.; Nicasio, M. C.; Pérez, P. J. Chem. Eur. 
J. 2014, 20, 3463. 
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%HQ]R\O D]LGHVZHUH IRU WKH ILUVW WLPH V\QWKHVL]HG E\7KHRGRU&XUWLXV LQ WKH WK
FHQWXU\ ,Q  &XUWLXV UHSRUWHG WKH SUHSDUDWLRQ RI WKH QHZ FODVV RI RUJDQLF
FRPSRXQGV WKDW KH QDPHG ³EHQ]R\OD]RLPLGHV´ IURP EHQ]R\OK\GUD]LQH DQG QLWURXV
DFLG14 )LJXUH6FKHPH L%DFNWKHQFKHPLVWV LGHQWLILHGWKHD]LGR-JURXSDVD
WULD]LULQH 7KH OLQHDULW\ RI WKH D]LGR PRLHW\ ZDV HVWDEOLVKHG RQO\  \HDUV ODWHU E\
3DXOLQJDQG+HQGULFNVZKRGHWHUPLQHG WKH VWUXFWXUHVRI VRGLXPD]LGHDQGSRWDVVLXP
D]LGHE\ VLQJOH-FU\VWDO;-UD\GLIIUDFWLRQ15 ,Q3DXOLQJDQG%URFNZD\ FRQILUPHG
WKH OLQHDULW\RI WKH1JURXS LQRUJDQLF D]LGHV LQ D VWXG\RIPHWK\O D]LGHE\HOHFWURQ
GLIIUDFWLRQ16 
 
 
)LJXUH7KHFKHPLFDOHTXDWLRQRIWKHILUVWEHQ]R\OD]LGHV\QWKHVLVDVLWDSSHDUVLQ
WKHRULJLQDO&XUWLXVSXEOLFDWLRQ 
 
$QRWKHU WUDGLWLRQDO DSSURDFK WR DF\O D]LGHV LV EDVHG RQ WKH UHDFWLRQ RI WKH
FRUUHVSRQGLQJ DFLG FKORULGHV ZLWK VRGLXP D]LGH 6FKHPH  LL )RU DURPDWLF
GHULYDWLYHVWKLVPHWKRGZDVILUVWXVHGE\3RZHOOLQ17$OWHUQDWLYHSURWRFROVZHUH
ODWHU GHYHORSHG IRU RWKHU DFWLYDWHG EHQ]RLF DFLG GHULYDWLYHV LQFOXGLQJ PL[HG
DQK\GULGHV18DQG1-DF\OEHQ]RWULD]ROHV196FKHPHLL2QH-VWHSSURFHVVHVKDYHEHHQ
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
14 Curtius, Th. Chem. Ber. 1890, 23, 3023. 
15 Hendricks, S. B.; Pauling, L. J. Am. Chem. 1925, 47, 2904.  
16 Brockway, L. O.; Pauling, L. Proc. Nat. Acad. Sci. 1933, 19, 860.	  
17 Powell, G. J. Am. Chem. Soc. 1929, 51, 2436. 
18 (a) Weinstock, J. J. Org. Chem. 1961, 26, 3511. (b) Song, X.-J.; Tan, X.-H.; Wang, Y.-G. Phosphorus 
Sulfur Silicon Relat. Elem. 2007, 182, 1907. (c) Bandgar, B. P.; Pandit, S. S. Tetrahedron Lett. 2002, 43, 
3413. 
19 Katritzky, A. R.; Widyan, K.; Kirichenko, K. J. Org. Chem. 2007, 72, 5802. 
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GHYHORSHG IRU WKH GLUHFW D]LGDWLRQ RI FDUER[\OLF DFLGV LQYROYLQJ DFLG DFWLYDWRUV20 RU
ZLWKPRUHUHDFWLYHD]LGHVRXUFHV'33$21DQG$'0&226FKHPHLLLDQGR[LGDWLYH
D]LGDWLRQRIDOGHK\GHV236FKHPHLY 
 
 
Scheme 1.4. Conventional syntheses of aroyl azides. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
20 (a) Frøyen, P. Phosphorus Sulfur Silicon Relat. Elem. 1994, 89, 57. (b) Kim, J.-G.; Jang, D. O. Synlett 
2008, 13, 2072. (c) Sridhar, R.; Perumal, P. T. Synth. Commun. 2003, 33, 607. (d) Narendra, B. N.; 
Lamani, R. S.; Sureshbabu, V. V. Tetrahedron Lett. 2010, 51, 3002. (e) Gumaste, V. K.; Bhawal, B. M.; 
Deshmukh, A. R. A. S. Tetrahedron Lett. 2002, 43, 1345. (f) El-Faham, A.; Abdul-Ghani, M. Org. Prep. 
Proced. Int. 2003, 35, 369. (g) Tale, R. H.; Patil, K. M. Tetrahedron Lett. 2002, 43, 9715. 
21 (a) Shioiri, T.; Ninomiya, K.; Yamada, Sh.-i. J. Am. Chem. Soc. 1972, 94, 6203. (b) Bolshan, Yu.; 
Tomaszewski, M. J.; Santhakumar, V. Tetrahedron Lett. 2007, 48, 4925. (c) Lago, J. M.; Arrieta, A.; 
Palomo, C. Synth. Commun. 1983, 13, 289.  
22 Kitamura, M.; Tashiro, N.; Takamoto, Yu.; Tatsuo, O. Chem. Lett. 2010, 39, 732. 
23 (a) Lee, J. G.; Kwak, K. H. Tetrahedron Lett. 1992, 33, 3165. (b) Elmorsy, S. S. Tetrahedron Lett. 
1995, 36, 1341. (c) Chen, D.-J.; Chen, Z.-C. Tetrahedron Lett. 2000, 41,7361. (d) Bose, D. S.; Reddy, A. 
V. N. Tetrahedron Lett. 2003, 44, 3543. (e) Arote, N. D.; Akamanchi, K. G. Tetrahedron Lett. 2007, 48, 
5661. (f) Sarkar, S. D.; Studer, A. Org. Lett. 2010, 12, 1992. 
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Objectives	  
$VFDQEH VHHQ IURP WKHDERYHEHQ]R\O D]LGHV DUHYDOXDEOHYHUVDWLOHEXLOGLQJEORFNV
DQGLQWHUPHGLDWHV LQRUJDQLFV\QWKHVLV+RZHYHU WKHDYDLODEOHV\QWKHWLFURXWHVWRZDUG
WKHVH FRPSRXQGV IURP FDUERQ\O GHULYDWLYHV UHTXLUH XVH RI KLJKO\ UHDFWLYH FKHPLFDOV
ZKLFKOLPLWVIXQFWLRQDOJURXSFRPSDWLELOLW\DQGDVDUHVXOWWKHVXEVWUDWHVFRSH1RYHO
V\QWKHWLF PHWKRGV ZLWK KLJK IXQFWLRQDO JURXS WROHUDQFH WR SUHSDUH DUR\O D]LGHV DUH
FHUWDLQO\ LQ GHPDQG &RQVLGHULQJ DOO RI WKH DERYH WKH REMHFWLYH RI RXU ZRUNZDV WR
GHYHORS WKH ILUVW 3G-FDWDO\]HG FDUERQ\ODWLRQ RI DU\O KDOLGHV ZLWK D]LGH DV WKH
QXFOHRSKLOH6FKHPH 
 
 
Scheme 1.5. General equation for Pd-catalyzed azidocarbonylation. 
 
)XUWKHUPRUH LQ FDVH RI VXFFHVV RXU REMHFWLYH ZDV WR VWXG\ WKHPHFKDQLVP RI WKH
D]LGRFDUERQ\ODWLRQ UHDFWLRQ 6LQFH WKH SLRQHHULQJ ZRUN RI )LWWRQ DQG FR-ZRUNHUV24
R[LGDWLYH DGGLWLRQ RI KDORDUHQHV WR WHUWLDU\ SKRVSKLQH FRPSOH[HV RI ]HURYDOHQW
SDOODGLXP KDV EHHQ WKRURXJKO\ LQYHVWLJDWHG$OVR PLJUDWRU\ LQVHUWLRQ RI &2 LQWR D
YDULHW\RIFRPSOH[HVRI WKHW\SH>530$U;@0 3W3G1LKDVEHHQVWXGLHGLQ
GHWDLOE\*DUURXDQG+HFN256XUSULVLQJO\KRZHYHUYHU\OLWWOHPHFKDQLVWLFLQIRUPDWLRQ
KDVEHHQUHSRUWHGRQR[LGDWLYHDGGLWLRQRIDU\OKDOLGHVWR WHUWLDU\SKRVSKLQH-VWDELOL]HG
3G FRPSOH[HV LQ WKH SUHVHQFH RI &2 LH XQGHU FDWDO\WLF FRQGLWLRQV RI WKH +HFN
FDUERQ\ODWLRQWKDWKDVEHHQNQRZQDQGZLGHO\XVHGIRUQHDUO\\HDUV7KHUHIRUH LW	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
24 (a) Fitton, P.; McKeon, J. E. Chem. Commun. 1968, 4. (b) Fitton, P.; Johnson, M. P.; McKeon, J. E. 
Chem. Commun. 1968, 6. (c) Fitton, P.; Rick, E. A. J. Organomet. Chem. 1971, 28, 287. 
25 Garrou, P. E.; Heck, R. F. J. Am. Chem. Soc. 1976, 98, 4115. 
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ZDV LPSRUWDQW WR LQYHVWLJDWH WKH PHFKDQLVP RI 3G-FDWDO\]HG D]LGRFDUERQ\ODWLRQ E\
H[SHULPHQWDODQGFRPSXWDWLRQDOPHDQV26 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
26 The DFT computational studies were performed by Dr. C. L. McMullin and Prof. S. A. Macgregor 
(Heriot-Watt University, U.K.).	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5HVXOWV 
&KDOOHQJHVRI3G-&DWDO\]HG$]LGRFDUERQ\ODWLRQRI$U\O+DOLGHV ,WLVVKRZQLQWKH
,QWURGXFWLRQ WKDW VLQFH WKH SLRQHHULQJ UHSRUWV IURP +HFN LQ  WKH 3G-FDWDO\]HG
UHDFWLRQRIDU\OKDOLGHV$U;ZLWK&2DQGQXFOHRSKLOHV 6FKHPHKDVEHHQZLGHO\
XVHGIRUWKHV\QWKHVLVRIYDULRXVFDUER[\OLFDFLGGHULYDWLYHVVXFKDVHVWHUVDQGDPLGHV
,W ZRXOG EH PRVW QDWXUDO WR FRQVLGHU WKLV W\SH RI FDUERQ\ODWLRQ IRU WKH V\QWKHVLV RI
$U&216FKHPH ,QVSLWHRI WKHVXEVWDQWLDODPRXQWRIZRUNGRQH LQ WKHDUHD
-
KRZHYHUWKHUHKDYHEHHQQRUHSRUWVRID]LGRFDUERQ\ODWLRQUHDFWLRQV 
$VPHWKRGRORJLFDOO\QHZKLJKIXQFWLRQDOJURXSWROHUDQFHURXWHVWRDUR\OD]LGHVDUH
FHUWDLQO\ LQ GHPDQG WKH TXHVWLRQ DULVHV DV WR ZK\ 3G-FDWDO\]HG DURPDWLF
D]LGRFDUERQ\ODWLRQ UHDFWLRQV 6FKHPHKDYHQRWEHHQGHYHORSHG8SRQVXSHUILFLDO
FRQVLGHUDWLRQV WKHUH VKRXOG EH QR IXQGDPHQWDO GLIIHUHQFH EHWZHHQ D]LGH DQG RWKHU
QXFOHRSKLOHV WKDW KDYH EHHQ VXFFHVVIXOO\ XVHG LQ WKH FDUERQ\ODWLRQ UHDFWLRQV RI
KDORDUHQHV +RZHYHU LQ-GHSWK DQDO\VLV RI WKH OLWHUDWXUH GDWD RQ DUR\O D]LGHV DQG
PHFKDQLVPV RI SDOODGLXP FDWDO\VLV VXJJHVWV WKDW WKH GHYHORSPHQW RI 3G-FDWDO\]HG
DURPDWLF D]LGRFDUERQ\ODWLRQ FRXOG EH H[WUHPHO\ FKDOOHQJLQJ LI QRW LPSRVVLEOH ,Q
SDUWLFXODU 
$NH\VWHSLQWKHFDWDO\WLFORRSJRYHUQLQJWKHFDUERQ\ODWLRQUHDFWLRQLVPLJUDWRU\
LQVHUWLRQ RI &2 LQWR WKH 3G-& ERQG RI >533G$U;@ WKH LQWHUPHGLDWH WKDW LV
SURGXFHG LQ WKH SUHFHGLQJ VWHS RI$U-;VXEVWUDWH R[LGDWLYH DGGLWLRQ WR53-VWDELOL]HG
3G)RU;  ,%UDQG&O WKLV UHDFWLRQXVXDOO\RFFXUVHDVLO\DQGFOHDQO\DW URRP
WHPSHUDWXUHDQGDWPRVSKHULFSUHVVXUH6FKHPH,QVKDUSFRQWUDVWFRPSOH[HVRIWKH
W\SHWUDQV->533G3K1@5 0H(WGRQRWXQGHUJR&2LQVHUWLRQLQWRWKH3G-3K
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ERQGEXWDUHUDWKHUFRQYHUWHGWRWUDQV->533G3K1&2@ZLWKFRQFRPLWDQWUHOHDVHRI
1XQGHUVLPLODUFRQGLWLRQVUWDWP&2
27DVVKRZQLQ6FKHPH 
 %HLQJ WKHUPDOO\ VWDEOH FDUER[\OLF DFLG GHULYDWLYHV VDOWV HVWHUV DPLGHV HWF
IRUPHG LQ WKH FDUERQ\ODWLRQ UHDFWLRQV 6FKHPH  HDVLO\ VXUYLYH WKH HOHYDWHG
WHPSHUDWXUHVWKDWDUHQHHGHGIRUWKHSURFHVVWRRFFXU,QVKDUSFRQWUDVWDUR\OD]LGHVDUH
WKHUPDOO\ XQVWDEOH XQGHUJRLQJ WKH &XUWLXV UHDUUDQJHPHQW 6FKHPH  DW VXFK
WHPSHUDWXUHVR&DQGDERYH 
 
 
Scheme 1.6. 'LIIHUHQWUHDFWLYLW\RIı-aryl palladium halides and azides toward CO . 
 
 
Scheme 1.7. The Curtius rearrangement of benzoyl azides. 
 
 7KH GHVLUHG SURGXFW$U&21 LV QRW RQO\ WKHUPDOO\ XQVWDEOH EXW DOVR KLJKO\
UHDFWLYHWRZDUGWHUWLDU\SKRVSKLQHVWKDWDUHXVHGDVVWDELOL]LQJOLJDQGVIRU3GFDWDO\VWV
HPSOR\HG LQ FDUERQ\ODWLRQ DQG RWKHU FRXSOLQJ UHDFWLRQV 7KH IDFLOH 6WDXGLQJHU
UHDFWLRQ RI WKH$U&21 SURGXFHGZLWK WKH UHYHUVLEO\ GLVVRFLDWHG 35 OLJDQGZRXOG
OHDGWRLPPHGLDWHFDWDO\VWGHDFWLYDWLRQIURPWKHTXLFNDQGLUUHYHUVLEOHIRUPDWLRQRIWKH
FRUUHVSRQGLQJLPLQRSKRVSKRUDQH$U&21 356FKHPH 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
27 Kim, Y.-J.; Kwak, Y.-S.; Lee, S.-W. J. Organomet. Chem. 2000, 603, 152. 
UNIVERSITAT ROVIRA I VIRGILI 
NEW TRANSFORMATIONS BASED ON ACTIVATION OF INERT CARBON-HALOGEN BONDS WITH AND WITHOUT TRANSITION 
Miloserdov Fedor Mikhailovich 
Dipòsit Legal: T 825-2015 
Chapter 1 Palladium-Catalyzed Azidocarbonylation of Aromatic Iodides 	  
 
   55  
 
Scheme 1.8. Staudinger reaction leading to Pd catalyst deactivation. 
 
,QLWLDO 6WXGLHV2XU LQLWLDO JRDOZDV WR GHYHORS WKH 3G-FDWDO\]HG V\QWKHVLV RI DU\O
D]LGHVIURPWKHFRUUHVSRQGLQJKDORDUHQHVDQGDQLQRUJDQLFD]LGHVRXUFHVXFKDV1D1
7DEOH$OORXUDWWHPSWVWRSHUIRUPWKLVWUDQVIRUPDWLRQZHUHXQVXFFHVVIXODOWKRXJK
3G-FDWDO\]HGD]LGDWLRQRIYLQ\OLFEURPLGHVWRJLYH+--WULD]ROHVKDVEHHQUHSRUWHG
6FKHPH28$VERWKR[LGDWLYHDGGLWLRQRI$U;WR3GDQGKDOLGHD]LGHPHWDWKHVLV
UHDFWLRQV RI 3G,, FRPSOH[HV29 DUH ZHOO-NQRZQ ZH UHDVRQHG WKDW LW LV WKH$U-1
UHGXFWLYHHOLPLQDWLRQIURP3G,,WKDWLVPRVWOLNHO\WKHSUREOHPDWLFVWHSRIWKHSURFHVV
6FKHPH 
 
 
Scheme 1.9. Pd-catalyzed reaction of vinylic halides with N3-. 
 
 
 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
28 For Pd-catalyzed azidation of alkenyl bromides to 1H-1,2,3-triazoles, see: Barluenga, J.; Valdés, C.; 
Beltrán, G.; Escribano, M.; Aznar, F. Angew. Chem. Int. Ed. 2006, 45, 6893.  
29 For selected examples of the facile formation of various organopalladium azido complexes from the 
corresponding Pd(II) halides and NaN3, see: (a) Kim, Y.-J.; Choi, J.-C.; Park, K.-H. Bull. Korean Chem. 
Soc. 1994, 15, 690. (b) Kim, Y.-J.; Kim, D.-H.; Song, S.-W.; Son, T.-i. Bull. Korean Chem. Soc. 1998, 
19, 125. (c) Kim, Y.-J.; Chang, X.; Han, J.-T.; Lim, M. S.; Lee, S. W. Dalton Trans. 2004, 3699. (d) Lee, 
K.-E.; Jeon, H.-T.; Han, S.-Y.; Ham, J.; Kim, Y.-J.; Lee, S. W. Dalton Trans. 2009, 6578. 
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7DEOH Conditions screening for Pd-catalyzed azidation of 3K%U 
  
Catalyst (5 mol %)30 Solvent, Temperature Result 
P(t-Bu)3, Pd2(dba)5 (1:1) THF, 50 oC <<1% PhN3 
P(t-Bu)3, Pd2(dba)5 (1:1) THF/CH3CN (1:4) 50 oC <<1% PhN3 
P(t-Bu)3, Pd2(dba)5 (1:1) ɋ6ɇ6/H2O (1:1), 80 oC ņ 
P(t-Bu)3, Pd2(dba)5 (2:1) Xylene, 130 oC <<1% PhN3 
P(t-Bu)3, Pd2(dba)5 (1:1) t-BuOH, 70 oC <<1% PhN3 
IPrPd(allyl)Cl, NaOt-Bu (1:1) THF, 50o C ņ 
IPrPd(allyl)Cl, NaOt-Bu (1:1) DMF, 80o C ņ 
Xantphos, Pd2(dba)5 THF, 50o C ņ 
 
 
Scheme 1.10. Proposed mechanism for Pd-catalyzed azidation of aryl halides. 
 
7R VWXG\$U-1 UHGXFWLYH HOLPLQDWLRQ IURP 3G,, WKH SURGXFW-IRUPLQJ VWHS LQ WKH
SURSRVHGFDWDO\WLFORRSZHSUHSDUHG>3K33G3K1@IURP>3K33G3K%U@DQG
1D17KLVFRPSOH[ZDVIRXQGWREHH[FOXVLYHO\WUDQVERWKLQVROXWLRQ
+DQG3^+`
105DQGLQWKHVROLGVWDWH;-UD\GLIIUDFWLRQ,QWHUHVWLQJO\>3K33G3K1@ZDV
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
30 (a) The empirical composition Pd2(dba)5 was derived from the elemental analysis data.30b (b) Ushkov, 
A. V.; Grushin, V. V. J. Am. Chem. Soc. 2011, 133, 10999. 
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IRXQG WR FU\VWDOOL]H LQ WZR SRO\PRUSKLF IRUPV GLVSOD\LQJ HLWKHU D VWDJJHUHG RU DQ
HFOLSVHGFRQIRUPDWLRQDORQJWKH3-3G-3D[LV)LJXUHVDQG 
7KH QHZ D]LGR FRPSOH[ WUDQV->3K33G3K1@ DSSHDUHG WR EH XQH[SHFWHGO\
WKHUPDOO\ VWDEOH H[KLELWLQJ QR VLJQ RI GHFRPSRVLWLRQ DW - R& LQ EHQ]HQH RU
WROXHQHIRU-K$WR&LQ[\OHQHVKRZHYHU>3K33G3K1@GHFRPSRVHGWR
JLYH PRVWO\ 3K DQG 3K1 33K *&-06 7KH LPLQRSKRVSKRUDQH ZDV HYLGHQWO\
SURGXFHG E\ WKH 6WDXGLQJHU UHDFWLRQ RI WKH WUDQVLHQW 3K1 ZLWK WKH 33K OLJDQG
6FKHPHL$WWHPSWVWRSHUIRUPWKLVUHDFWLRQFDWDO\WLFDOO\LHLQWKHSUHVHQFHRI
H[FHVV33K6FKHPHLLZHUHXQVXFFHVVIXO 
 
 
Scheme 1.11. (i) Staudinger reaction between phenyl azide and triphenylphosphine and  
(ii) Pd-catalyzed formation of iminophosphoranes from aryl halides. 
 
 
 
)LJXUH257(3GUDZLQJVRIWKHWZRFRQIRUPHUVRIWUDQV->3K33G3K1@ 
OHIWVWDJJHUHGULJKWHFOLSVHGZLWKDOO+DWRPVRPLWWHGDQGWKHUPDOHOOLSVRLGVGUDZQ
WRWKHSUREDELOLW\OHYHO 
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)LJXUH257(3YLHZVRIWKHVWDJJHUHGOHIWDQGHFOLSVHGULJKWFRQIRUPHUVRI
WUDQV->3K33G3K1@DORQJWKH3-3G-3D[LVZLWKDOO+DWRPVRPLWWHGDQGWKHUPDO
HOOLSVRLGVGUDZQWRWKHSUREDELOLW\OHYHO 
 
,PSRUWDQWO\GXULQJ WKHVHVWXGLHVZH IRXQG WKDWEXEEOLQJ&2 WKURXJKD VROXWLRQRI
>3K33G3K1@ FRQWDLQLQJ 3K, DQG 33K LQ EHQ]HQH DW 
R& WULJJHUHG D
WUDQVIRUPDWLRQ WR >3K33G&23K,@
 DQG 3K&21 33K
31 LQ KLJK \LHOG 
!3^+`1056FKHPH)LJXUH7KHIRUPDWLRQRIWKHODWWHULQGLFDWHG
WKDW 3K&21 ZDV IRUPHG DV DQ LQWHUPHGLDWH WKDW ZDV VHTXHVWHUHG E\ 33K LQ WKH
6WDXGLQJHU UHDFWLRQ7KHVHREVHUYDWLRQVSURPSWHGRXUVHDUFK IRU D3GFDWDO\VW IRU WKH
V\QWKHVLVRIDUR\OD]LGHVGLUHFWO\IURP$U,&2DQG1
- 
 
 
6FKHPH3URSRVHGPHFKDQLVPIRUWKHIRUPDWLRQRI>3K33G&23K,@DQG
3K&21 33KIURP>3K33G3K1@&23K,DQG33K 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
31 Albright, T. A.; Freeman, W. J.; Schweizer, E. E. J. Org. Chem. 1976, 41, 2716. 
UNIVERSITAT ROVIRA I VIRGILI 
NEW TRANSFORMATIONS BASED ON ACTIVATION OF INERT CARBON-HALOGEN BONDS WITH AND WITHOUT TRANSITION 
Miloserdov Fedor Mikhailovich 
Dipòsit Legal: T 825-2015 
Chapter 1 Palladium-Catalyzed Azidocarbonylation of Aromatic Iodides 	  
 
   59  
 
)LJXUH3^+`105VSHFWUXPRIWKHUHDFWLRQVROXWLRQREWDLQHGXSRQWUHDWPHQWRI
DPL[WXUHRI>3K33G3K1@3K,DQG33KLQ&'ZLWK&2 
 
'HYHORSPHQWRI WKH$URPDWLF$]LGRFDUERQ\ODWLRQ$VZDVPHQWLRQHGDERYH WKH
D]LGRFDUERQ\ODWLRQ GLIIHUV SULQFLSDOO\ LQ D QXPEHU RI UHVSHFWV IURP WKH NQRZQ 
3G-FDWDO\]HGDURPDWLFFDUERQ\ODWLRQUHDFWLRQV7KHWKUHHUHDFWLYLW\SDWWHUQVFRQVLGHUHG
DERYH 6FKHPHV - FDVW VHULRXV GRXEWV RQ WKH YHU\ SRVVLELOLW\ RI 3G-FDWDO\]HG
DURPDWLF D]LGRFDUERQ\ODWLRQ 7KHUHIRUH D WKRURXJK VFRXWLQJ DQG RSWLPL]DWLRQ RI WKH
FDWDO\WLF V\VWHP ZDV UHTXLUHG WR ILQG FRQGLWLRQV WR DYRLG WKH &XUWLXV UHDUUDQJHPHQW
6FKHPH  DQG WKH 6WDXGLQJHU UHDFWLRQ 6FKHPH  WKDW DUH GHWULPHQWDO WR WKH
FDWDO\VLV 
,QLWLDOVHULHVRIH[SHULPHQWVDOORZHGXVWRLGHQWLI\;DQWSKRVDVE\IDUWKHEHVWOLJDQG
IRU WKH UHDFWLRQ 7DEOH  1XPHURXV UXQV LQ WKH SUHVHQFH RI RWKHU OLJDQGV 33K 
R-7RO3 &\3 W-%X3 GSSH GSSS GSSE GSSI UDF-%,1$3 L-3U-;DQWSKRV 
W-%X-;DQWSKRV DQG '3(SKRV 6FKHPH  XQGHU YDULRXV FRQGLWLRQV SURGXFHG
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3K&21LQRQO\-\LHOG7KHKLJKHVWFDWDO\WLFDFWLYLW\ZDVREVHUYHGIRUD3G
WR ;DQWSKRV PRODU UDWLR LQ DFFRUG ZLWK WKH OLWHUDWXUH GDWD32 ,W LV QRWHZRUWK\ WKDW
;DQWSKRV33 KDV EHHQ IRXQG34 WR EH D VXSHULRU OLJDQG IRU PDQ\ 3G-FDWDO\]HG
FDUERQ\ODWLRQUHDFWLRQV 
,WZDVDOVRQRWLFHGLQWKHSUHOLPLQDU\VWXGLHVWKDWEHWWHUFRQYHUVLRQVDQG\LHOGVFRXOG
EH DFKLHYHG LQ WKH SUHVHQFH RI UHGXFLQJ DJHQWV VXFK DV =Q GXVW RU 30+6 ,W ZDV
SURSRVHG WKDW OLNH LQ 3G-FDWDO\]HG F\DQDWLRQ RI KDORDUHQHV35 WKH UHGXFWDQW VRPHKRZ
UHFXSHUDWHVWKHGHDFWLYDWHGFDWDO\VW,QGHHGLWZDVIRXQGLQRQHH[SHULPHQW7DEOH
HQWU\WKDWDIWHUWKHUHDFWLRQKDGVWDOOHGDWFRQYHUVLRQ WKHDGGLWLRQRI=QGXVW
UHYLWDOL]HGWKHSURFHVVDQGFRQYHUVLRQZDVTXLFNO\UHDFKHG36 
 
6FKHPH6HOHFWHGOLJDQGVDQGRWKHUPDWHULDOVXVHG 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
32 Klingensmith, L. M.; Strieter, E. R.; Barder, T. E.; Buchwald, S. L. Organometallics 2006, 25, 82. 
33 For selected reviews on Xantphos and related ligands, see: (a) Kamer, P. C. J.; Van Leeuwen, P. W. N. 
M.; Reek, J. N. H. Acc. Chem. Res. 2001, 34, 895. (b) Freixa, Z.; Van Leeuwen, P. W. N. M. Dalton 
Trans. 2003, 1890. (c) Freixa, Z.; Van Leeuwen, P. W. N. M. Coord. Chem. Rev. 2008, 252, 1755. (d) 
Van Leeuwen, P. W. N. M.; Freixa, Z. In: Modern Carbonylation Methods; Kollar, L., Ed.; Wiley-VCH: 
Weinheim, 2008, 1. 
34 For efficient catalysis of other carbonylation reactions with Xantphos/Pd, see: (a) Lou, R.; VanAlstine, 
M; Sun, X.; Wentland, M. P. Tetahedron Lett. 2003, 44, 2477. (b) Martinelli, J. R.; Watson, D. A.; 
Freckmann, D. M. M.; Barder, T. E.; Buchwald, S. L. J. Org. Chem. 2008, 73, 7102. (c) Ueda, T.; 
Konishi, H.; Manabe, K. Org. Lett. 2013, 15, 5370. (d) Korsagen, S.; Nielsen, D. U.; Taaning, R. H.; 
Skrydstrup, T. Angew. Chem. Int. Ed. 2013, 52, 9763. (e) Schranck, J; Burhardt, M.; Bornschein, C.; 
Neumann, H.; Skrydstrup, T.; Beller, M. Chem. - Eur. J. 2014, 20, 9534. (f) Neumann, K. T.; Laursen, S. 
R.; Lindhardt, A. T.; Bang-Andersen, B.; Skrydstrup, T. Org. Lett. 2014, 16, 2216. (g) Masuda, Y.; 
Ishida, N.; Murakami, M. Chem. ± Asian J. 2015, 10, 321. 
35 Erhardt, S; Grushin, V. V; Kilpatrick, A. H.; Macgregor, S. A.; Marshall, W. J.; Roe, D. C. J. Am. 
Chem. Soc. 2008, 130, 4828. 
36 The promoting effect of reducing agents was later rationalized and successfully used in the design of 
the more efficient catalytic system (see below). 
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7DEOH/LJDQGRSWLPL]DWLRQIRU3G-FDWDO\]HGD]LGRFDUERQ\ODWLRQRI3K,D 
 
HQWU\ [ >3G@ P OLJDQG Q DGGLW-
LYH 
WHPS 
& 
WLPH
K 
FRQY
E 
\LHOG
E 
  3GGED - - - -     
  3G33K - -     
  3GGED  3W-%X - -     
  3GGED  3&\ - -     
  3GGED  'SSI - -     
  3GGED  ;DQWSKRV - -     
  3GGED  3R-WRO - -     
  3G2$F  ;DQWSKRV - -     
  ;DQWSKRV3G3K%U - -     
F  ;DQWSKRV3G3K%U 
- 
 
- 
=Q 
 
 
 
 
 
 
 
 
  3G2$F  ;DQWSKRV  =Q     
  3G2$F  ;DQWSKRV  30+6     
  3G2$F  'SSI  =Q     
  3G2$F  'SSH  =Q     
  3G2$F  'SSS  =Q     
  3G2$F  'SSE  =Q     
  3G2$F  -%,1$3  =Q     
  3G2$F  L-3U;3  =Q     
  3G2$F  W-%X;3  =Q     
  3G2$F  '3(SKRV  =Q     
a Reaction conditions: iodobenzene (1 mmol), NaN3 (2 mmol), [Pd] (l mol %), ligand (m mol %) and 
additive (n mol %) in THF (5 mL). b Determined by GC-MS. c After 24 h at r.t. Zn additive added and 
temperature increased to 50 oC. 
 
'XULQJ WKLV OLJDQGVFRXWLQJVWXG\ WKHUHDFWLRQPL[WXUHVZHUHDQDO\]HGE\*&-06
+RZHYHU3K&21FRXOGQRWEHGHWHFWHGGLUHFWO\XQGHUVXFKFRQGLWLRQVEHFDXVHRILWV
IDFLOH&XUWLXVUHDUUDQJHPHQWWR3K1&2LQWKH*&LQMHFWRU7KHFRQYHUVLRQVDQG\LHOGV
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ZHUHWKHUHIRUHGHULYHGIURPWKHTXDQWLWLHVRI3K1&2REVHUYHGE\*&-067DEOH
+DYLQJLGHQWLILHG;DQWSKRVDVWKHEHVWOLJDQGIRUWKHUHDFWLRQZHIXUWKHURSWLPL]HGWKH
SURFHVVXVLQJ-)&+,DVD VXEVWUDWH 7DEOH LQRUGHU WRPRQLWRU WKH UHDFWLRQE\
³QRQLQYDVLYH´)105VSHFWURVFRS\ 
 
7DEOH5HDFWLRQRSWLPL]DWLRQZLWK;DQWSKRVD 
 
entry solvent (mL) 
additive 
(equiv) 
time, h conversion, %b yield, %b,c 
GH 7+) =Q    
 7+) -    
 7+) 1D,    
H 7+) +2    
GH 7+) =Q 
+2 
   
 7+) +2    
 7+) +2 
1D, 
   
 7+) 
+2 
-  !  
 WROXHQH 
+2 
-  !  
 7+) 
KH[DQH 
+2 
-    
I WROXHQH 
+2 
-    
a Reaction conditions: 4-fluoroiodobenzene (1 mmol), NaN3 (1.2 mmol), Pd2dba530 (2 mol %), and 
Xantphos (2 mol %) at 23 oC. b Determined by 19F NMR. c Main side-product: 4-fluorobenzamide.  
d Pd(OAc)2 (2 mol %) was used in place of Pd2dba5. e At 50 °C. f 1 mol % Pd and 1 mol % Xantphos. 
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,W LVZRUWK WR HPSKDVL]H DW WKLV SRLQW WKDW LQ WKH SUHOLPLQDU\ LVRODWLRQ DWWHPSWVZH
IRXQG WKDW LQ PRVW LQVWDQFHV WKH SURGXFW $U&21 DQG WKH VWDUWLQJ PDWHULDO $U,
H[KLELWHG QHDUO\ LGHQWLFDO 5I SDUDPHWHUV DQG FRXOG QRW EH VHSDUDWHG E\ FROXPQ
FKURPDWRJUDSK\7KHUHIRUH LQ RUGHU WR LVRODWH WKH SURGXFW LQ SXUH IRUP WKH UHDFWLRQ
VKRXOG EH GULYHQ WR IXOO FRQYHUVLRQ $V ZDV SUHYLRXVO\ QRWHG XQGHU DQK\GURXV
FRQGLWLRQVKLJKHUFRQYHUVLRQVDQG\LHOGVZHUHDFKLHYHGLQWKHSUHVHQFHRIDUHGXFLQJ
DJHQWHJ=QGXVWRUSRO\PHWK\OK\GURVLOR[DQH30+6+RZHYHU=QDQG30+6ZHUH
DSSDUHQWO\UHGXFLQJDWOHDVWSDUWLDOO\WKHDUR\OD]LGHSURGXFWWR$U&21+7DEOH
HQWU\ 
,Q VHDUFK IRU D VROXWLRQ WR WKHDERYHPHQWLRQHGSUREOHPVZHQRWLFHG WKDWDIWHU-
FRQYHUVLRQZDV UHDFKHG WKHD]LGRFDUERQ\ODWLRQEHFDPHVOXJJLVK LQGLFDWLQJ WKDW
WKHLRGLGHUHOHDVHGIURPWKH$U,VXEVWUDWHPLJKWGHDFWLYDWHWKHFDWDO\VWE\FRPSHWLQJIRU
FRRUGLQDWLRQ VLWHV RQ 3G37 ,QGHHG 1D, GHOLEHUDWHO\ DGGHG WR WKH UHDFWLRQ PL[WXUH
VORZHGGRZQ WKH UHDFWLRQFRQVLGHUDEO\ 7DEOHHQWULHVDQG38 ,WZDV WKHUHIRUH
SURSRVHG WKDW WKH GHDFWLYDWLQJ HIIHFW RI LRGLGH FRXOG EH PLQLPL]HG RU HOLPLQDWHG
DOWRJHWKHU E\ SHUIRUPLQJ WKH UHDFWLRQ LQ DQ +2-RUJDQLF VROYHQW ELSKDVLF V\VWHP
EHFDXVH QR H[FHVV RI LQRUJDQLF VDOWV ZRXOG EH DFFXPXODWHG LQ WKH ZDWHU-LPPLVFLEOH
RUJDQLF SKDVH 7KH YHU\ ILUVW UXQV SHUIRUPHG ZLWK DGGLWLRQDO ZDWHU VXUSDVVHG RXU
H[SHFWDWLRQVSURGXFLQJ$U&21LQ\LHOGDWFRQYHUVLRQ0RUHRYHUWKHXVHRI
DGGLWLRQDOZDWHUHOLPLQDWHGWKHQHHGIRUDUHGXFWDQWDGGLWLYHWRHDVLO\UHDFKKLJK\LHOGV
DQGFRQYHUVLRQV(YHQEHWWHUUHVXOWVZHUHDFKLHYHGLQELSKDVLFV\VWHPV+2-EHQ]HQHRU
+2-WROXHQH7DEOHHQWU\+RZHYHUEHQ]HQHLVWR[LFDQGWROXHQH¶VESRIR&
ZRXOGSUHYHQWLVRODWLRQRIWKHYRODWLOHDQGWKHUPDOO\XQVWDEOH$U&21SURGXFW$IWHUD
VHULHV RI WHVWV LW ZDV IRXQG WKDW WKH DURPDWLF RUJDQLF SKDVH FDQ EH VXFFHVVIXOO\	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
37 (a) Shen, Q.; Ogata, T.; Hartwig, J. F. J. Am. Chem. Soc. 2008, 130, 6586. (b) Fors, B. P.; Davis, N. R.; 
Buchwald, S. L. J. Am. Chem. Soc. 2009, 131, 5766. 
38 It was established in a separate experiment that NaN3 in excess does not deactivate the catalyst. 
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VXEVWLWXWHGZLWKQRQWR[LF ORZ-ERLOLQJ7+)-KH[DQH YY7DEOH HQWU\:H
DOVR DWWHPSWHG WKH UHDFWLRQ ZLWK OHVV WKDQ  3G$OWKRXJK KLJK FRQYHUVLRQV XS WR
DQG\LHOGV XS WRFRXOGEHREWDLQHGZLWK3G7DEOHHQWU\ZH
VHWWOHGRQPRORI WKHFDWDO\VW LQRUGHU WR UHDFK IXOO FRQYHUVLRQ WKDW LVFULWLFDO IRU
LVRODWLRQRIWKHSURGXFWLQSXUHIRUPVHHDERYH 
:LWK RSWLPL]HG FRQGLWLRQV LQ KDQG D VHULHV RI DU\O LRGLGHV  ZHUH VXFFHVVIXOO\
FRQYHUWHG WR WKH FRUUHVSRQGLQJ DUR\O D]LGHV  DV VXPPDUL]HG LQ 7DEOH  $OO
FRQYHUVLRQV ZHUH TXDQWLWDWLYH DOORZLQJ XV WR LVRODWH WKH SXUH SURGXFWV LQ JRRG WR
H[FHOOHQW \LHOG 7KH UHDFWLRQ H[KLELWHG KLJK IXQFWLRQDO JURXS WROHUDQFH DQG VPRRWKO\
DQG FOHDQO\ RFFXUUHGZLWK ERWK HOHFWURQ-ZLWKGUDZLQJ H-OS DQG HOHFWURQ-GRQDWLQJ
E-GQVXEVWLWXHQWVRQWKHDURPDWLFULQJ7KHLVRODWHG\LHOGVZHUHXVXDOO\LQD-
 UDQJH ZLWK RQO\ D IHZ H[FHSWLRQV VXFK DV WKH ORZHU \LHOG RI WKH GRXEO\
D]LGRFDUERQ\ODWHG SURGXFW P  REWDLQHG IURPS-GLLRGREHQ]HQH DQG WKH KLJKHU
\LHOGRIP-WROXR\OD]LGHQ 
%RWK -LRGRWKLRSKHQH DQG -LRGRS\ULGLQH ZHUH FOHDQO\ FRQYHUWHG WR WKH
FRUUHVSRQGLQJ D]LGRFDUERQ\O GHULYDWLYHV T DQGU LQ  DQG  LVRODWHG \LHOG
UHVSHFWLYHO\ ,Q FRQWUDVW-LRGRS\ULGLQHSURGXFHGDPL[WXUHRISURGXFWVXQGHUVLPLODU
FRQGLWLRQVLQFOXGLQJ-3\1&2-3\&21+DQG-3\1+7KLVRXWFRPHLVOLNHO\GXH
WR WKH ORZHU WKHUPDO VWDELOLW\ RI -3\&2139 DQG SRVVLEO\ WR WKH ZHOO-NQRZQ40
GLPHUL]DWLRQRI-S\ULG\O3GGHULYDWLYHVYLDWKH1DWRPVRIWKH3\ULQJ6FKHPH 
 
 
 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
39 Saikachi, H.; Kitagawa, T.; Nasu, A.; Sasaki, H. Chem. Pharm. Bull. 1981, 29, 237. 
40	  (a) Bertani, R.; Berton, A.; Di Bianca, F.; Crociani, B. J. Organomet. Chem. 1986, 303, 283. (b) Isobe, 
K.; Nanjo, K.; Nakamura, Y.; Kawaguchi, S. Bull. Chem. Soc. Jpn. 1986, 59, 2141. 
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7DEOH3G-FDWDO\]HGD]LGRFDUERQ\ODWLRQRILRGRDUHQHVD 
 
a Reaction conditions: ArI (1 mmol), NaN3 (1.2 mmol), Pd2(dba)530 (0.01 mmol; 2 mol % Pd), Xantphos 
(2 mol %) in THF (2 mL), hexane (1 mL), and water (3 mL). b 50 oC (oil bath). c Isolated product 
contained ca. 2% of PhCON3 as a result of P-Ar/Pd-Arc exchange. d Isolated product contained dba. e With 
1 mmol of 1,4-diiodobenzene (1m) and double amounts of all reagents and solvents. 
 
 
6FKHPH'LPHUL]DWLRQRI-S\ULG\O3GGHULYDWLYHVYLDWKH1DWRPVRIWKH3\ULQJ 
 
 
     
D EE F GEF H 
     
IG J KG L M 
     
N O PGH Q R 
 
 
  
 
 SG TE U  
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:LWK RUWKR-VXEVWLWXWHG DU\O LRGLGH VXEVWUDWHV WKH UHDFWLRQ GLG QRW SURGXFH DUR\O
D]LGHV EXW UDWKHU JDYH DPLGHV DPLQHV DQG GLDU\OXUHDV $ PL[WXUH RI DOO WKUHH ZDV
IRUPHG LQ WKH UHDFWLRQ RI -LRGRWROXHQH -,RGRDQLVROH DQG-LRGRQDSKWKDOHQH UHDFWHG
PRUH VHOHFWLYHO\ WR JLYH SUHGRPLQDQWO\ XUHDV ,Q WKLV ZD\ 11
-ELV-QDSKWK\OXUHD 
D\LHOGDQG11
-ELV-PHWKR[\SKHQ\OXUHDE\LHOGFDSXULW\E\
+ 105 ZHUH LVRODWHG IURP WKH UHDFWLRQV RI -LRGRQDSKWKDOHQH DQG -LRGRDQLVROH
UHVSHFWLYHO\&RQVLGHULQJWKHIDFW WKDWRUWKR-VXEVWLWXWHG$U&21DUH-WLPHVOHVV
VWDEOH WRZDUG WKH &XUWLXV UHDUUDQJHPHQW WKDQ WKHLU PHWD- DQG SDUD-LVRPHUV41 WKH
GLIIHUHQW UHDFWLRQ RXWFRPH IRU LRGRDUHQHV EHDULQJ DQ RUWKR VXEVWLWXHQW LV KDUGO\
VXUSULVLQJ 7KH VWHULF EXON RI D JURXS LQ WKH RUWKR SRVLWLRQZHDNHQV WKH FRQMXJDWLRQ
EHWZHHQWKHDURPDWLFULQJDQGWKH-&21IXQFWLRQWKHUHE\GHVWDELOL]LQJWKHODWWHUDQG
ORZHULQJ WKH EDUULHU WR WKH&XUWLXV UHDUUDQJHPHQW$V D UHVXOW RUWKR-VXEVWLWXWHG DUR\O
D]LGHV IRUPHG LQ WKH UHDFWLRQ TXLFNO\ UHDUUDQJH WR WKH FRUUHVSRQGLQJ LVRF\DQDWHV
&RQYHUVLRQ RI WKH ODWWHU WR DQ DQLOLQH XQGHU WKH UHDFWLRQ FRQGLWLRQV IROORZHG E\ LWV
DGGLWLRQWRWKHDV\HWXQUHDFWHGLVRF\DQDWHJLYHVWKHXUHD6FKHPH 
 
 
6FKHPH,QVLWXIRUPDWLRQRIXUHDVIURPRULJLQDOO\SURGXFHGRUWKR-VXEVWLWXWHG
$U&21 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
41 Yukawa, Y.; Tsuno, Y. J. Am. Chem. Soc. 1958, 80, 6346. 
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$V PHQWLRQHG DERYH DUR\O D]LGHV DUH UHDFWLYH FRPSRXQGV WKDW FDQ EH XVHG LQ D
YDULHW\ RI XVHIXO WUDQVIRUPDWLRQV :H ZHUH DEOH WR GHPRQVWUDWH WKDW VRPH RI WKHVH
WUDQVIRUPDWLRQVFRXOGEHFRQYHQLHQWO\FDUULHGRXWLQVLWXZLWKRXWLVRODWLRQRIWKHDUR\O
D]LGH SURGXFW IRUPHG LQ WKH FDWDO\WLF SURFHVV 6FKHPH 7KH VXEVWUDWH RI FKRLFH
ZDV -IOXRURLRGREHQ]HQH M VR WKDW WKH WUDQVIRUPDWLRQV FRXOG EH FRQYHQLHQWO\
PRQLWRUHG E\ ) 105 &RQGXFWLQJ WKH D]LGRFDUERQ\ODWLRQ RI M LQ WKH SUHVHQFH RI
30+6  HTXLY DW  R& JDYH ULVH WR -IOXRUREHQ]DPLGH  LQ QHDUO\ TXDQWLWDWLYH
\LHOG ,W LV ZRUWK QRWLQJ WKDW FDWDO\WLF FDUERQ\ODWLRQ RI DU\O KDOLGHV WR SULPDU\
EHQ]DPLGHV UHSUHVHQWV D FRQVLGHUDEOH FKDOOHQJH ,Q DQRWKHU H[SHULPHQW WKH HQWLUH
UHDFWLRQPL[WXUH FRQWDLQLQJ IUHVKO\ SURGXFHG MZDV WUHDWHGZLWK 33K  HTXLY WR
SURPSWWKH6WDXGLQJHUUHDFWLRQWKDWIXUQLVKHGLPLQRSKRVSKRUDQHLQRYHUDOO\LHOG
)XUWKHUPRUHSHUIRUPLQJWKHD]LGRFDUERQ\ODWLRQLQWROXHQH-ZDWHUSURYLGHGDFRQYHQLHQW
PHDQV WR FDUU\ RXW WKH &XUWLXV UHDUUDQJHPHQW E\ VLPSO\ VHSDUDWLQJ DQG KHDWLQJ WKH
WROXHQHSKDVHFRQWDLQLQJWKH$U&21SURGXFW,QWKLVZD\-IOXRURSKHQ\OLVRF\DQDWH
ZDVREWDLQHGLQ\LHOG6FKHPHDVFDOFXODWHGRQWKHDPRXQWRIMXVHG$U\O
LVRF\DQDWHV42 DUH ZLGHO\ XVHG LQ WKH SURGXFWLRQ RI D EURDG YDULHW\ RI SRO\PHUV
PDWHULDOVDQGYDOXDEOHFKHPLFDOVLQFOXGLQJFDUEDPDWHVDQLOLQHVDQGXUHDV([DPSOHV
RI WKH V\QWKHVLV RI DURPDWLF LVRF\DQDWHV IURP WKH FRUUHVSRQGLQJ DU\O KDOLGHV DUH
H[WUHPHO\ UDUH7NDWFKHQNR HW DO43 KDYH SDWHQWHG1L-FDWDO\]HG UHDFWLRQ RI KDORDUHQHV
ZLWK1D2&1WRSURGXFHDU\OLVRF\DQDWHVDQGWKHLUGHULYDWLYHVLQXSWR\LHOG0RVW
UHFHQWO\ %XFKZDOG¶V JURXS44 GHPRQVWUDWHG GLUHFW 3G-FDWDO\]HG WUDQVIRUPDWLRQ RI DU\O
FKORULGHVDQGWULIODWHVWRDU\OLVRF\DQDWHVWKDWZHUHFRQYHUWHGLQVLWXWRXQV\PPHWULFDO
XUHDVDDQGFDUEDPDWHVE 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
42 Ulrich, H. Chemistry and Technology of Isocyanates; John Wiley & Sons: Chichester, 1997. 
43 Tkatchenko, I.; Jaouhari, R.; Bonnet, M.; Dawkins, G.; Lecolier, S. U.S. Patent 4749806, 1987 
44	   (a) Vinogradova, E.V.; Fors, B. P.; Buchwald, S. L. J. Am. Chem. Soc. 2012, 134, 11132. (b) 
Vinogradova, E. V.; Park, N. H.; Fors, B. P.; Buchwald, S. L. Org. Lett. 2013, 15, 1394	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6FKHPH5HDFWLRQVFRSHH[SHULPHQWV)105\LHOGV 
 
&DWDO\VW 'HDFWLYDWLRQ 6WXGLHV /HDGLQJ WR0DMRU ,PSURYHPHQWV $V PHQWLRQHG
DERYH DWWHPSWV WR ORZHU WKH FDWDO\VW ORDGLQJ IURP  WR  UHVXOWHG LQ LQFRPSOHWH
FRQYHUVLRQ ,GHQWLILFDWLRQDQGLQ-GHSWKXQGHUVWDQGLQJRIVLGHWUDQVIRUPDWLRQVUHVXOWLQJ
LQ FDWDO\VW GHDFWLYDWLRQ FDQ EH D SRZHUIXO WRRO IRU WKH GHVLJQ DQG GHYHORSPHQW RI
HIILFLHQW FDWDO\WLF SURFHVVHV 7KHUHIRUH LQ RUGHU WR FRPH XS ZLWK DQ HYHQ PRUH
HIILFLHQWSURWRFROIRUWKHD]LGRFDUERQ\ODWLRQZHVWXGLHGWKHORVVRIFDWDO\WLFDFWLYLW\LQ
WKHUHDFWLRQ 
7R JDLQ LQVLJKW LQWR WKH ORVV RI FDWDO\WLF DFWLYLW\ZH ILUVW VHW XS D UHDFWLRQZLWK D
ODUJHUTXDQWLW\RILRGREHQ]HQHPPRO3K,LQP/RI7+)DQGDORZHUDPRXQWRI
WKH;DQWSKRV-3GGEDFDWDO\VW PRO3G$IWHUKXQGHU VXFKFRQGLWLRQV WKH
RUJDQLFSKDVHWXUQHGGHHSSXUSOHLQFRORUDQGWKHFDWDO\WLFSURFHVVVWRSSHGDWFD
FRQYHUVLRQ 7KH 3^+` 105 VSHFWUXP RI WKH RUJDQLF SKDVH GLVSOD\HG D EURDG
UHVRQDQFHDWSSPWKDWFRXOGQRWEHDVVLJQHGWRDQ\RIWKHLGHQWLILHG LQWHUPHGLDWHV
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LQYROYHG LQ WKH FDWDO\WLF ORRS VHH EHORZ 7KH GDUN SXUSOH FRORU VXJJHVWHG WKDW WKH
VLJQDODWSSPPLJKWEHIURP>;DQWSKRV3G,@7KLVDVVXPSWLRQZDVSUREHGE\
DQLQGHSHQGHQWV\QWKHVLVRIIURP>;DQWSKRV3G&O@DQG1D,%RWKWKHFRORUDQG
3^+` 105 SDUDPHWHUV GLVSOD\HG E\ WKH WKXV SUHSDUHG   \LHOG DSSHDUHG
LGHQWLFDOZLWKWKRVHGLVSOD\HGE\WKHFDWDO\VWGHDFWLYDWLRQSURGXFW)XUWKHUPRUHVSLNLQJ
WKH UHDFWLRQPL[WXUHFRQWDLQLQJ WKHGHDFWLYDWHGFDWDO\VWZLWKDQDXWKHQWLF VDPSOHRI
UHVXOWHG LQ JURZWK LQ LQWHQVLW\ RI WKH 3^+`105 VLJQDO DW  SSP:H WKHUHIRUH
FRQFOXGHGWKDWWKHORVVRIFDWDO\WLFDFWLYLW\VKRXOGEHDWWULEXWHGWRJUDGXDOFRQYHUVLRQRI
3GVSHFLHVLQWKHV\VWHPWR$VZDVHVWDEOLVKHGLQDQLQGHSHQGHQWH[SHULPHQWZDV
LQGHHG SRRUO\ FDWDO\WLFDOO\ DFWLYH LQ WKH D]LGRFDUERQ\ODWLRQ UHDFWLRQ45 $V D QHZ
FRPSRXQGZDV IXOO\ FKDUDFWHUL]HGDQG IRXQG WR H[LVW DV DPL[WXUHRI FLV DQG WUDQV
LVRPHUVERWKLQVROXWLRQDQGLQWKHVROLGVWDWH)LJXUH,QVROXWLRQWKHFLVWRWUDQV
UDWLRZDVVROYHQWDQGWHPSHUDWXUHGHSHQGHQW:KLOHRQO\ WUDQV-FRXOGEHREVHUYHGLQ
EHQ]HQH DW URRP WHPSHUDWXUH ERWK WKH FLV DQG WUDQV LVRPHUV RI  ZHUH GHWHFWHG LQ
&+&O 
3^+` 105 7KLV WUHQG LV VLPLODU WR WKH UHSRUWHG4647 EHKDYLRU RI
>;DQWSKRV3G3K&)@ )XUWKHUPRUH WKH FLV WR WUDQV UDWLR IRU  LQ &+&O DV
GHWHUPLQHG E\ 3^+` ,*' 105 ZDV  DQG  DW  R& DQG - R&
UHVSHFWLYHO\ 6XFK VROYHQW DQG WHPSHUDWXUH GHSHQGHQFH RI WKH FLV WR WUDQV UDWLR IRU
VTXDUH-SODQDUGFRPSOH[HVLVZHOO-NQRZQ48 
:KLOH LW LV QRW HQWLUHO\ FOHDU KRZ  LV IRUPHG GXULQJ WKH FDWDO\WLF SURFHVV WKH
UHYHDOHG FDWDO\VW GHDFWLYDWLRQ SDWWHUQ GLIIHUV FRQVLGHUDEO\ IURP WKDW SUHYLRXVO\
HVWDEOLVKHG IRU WKH UHODWHG 3G-FDWDO\]HG DURPDWLF F\DQDWLRQ ,PSRUWDQWO\ XQOLNH	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
45 Under identical conditions (10 mmol PhI in 0.5 mL of THF) with 7 (0.2 mol %) as added catalyst at 
room temperature, the reaction stopped after 2 h at ca. 20% conversion. 
46 Grushin, V. V.; Marshall, W. J. J. Am. Chem. Soc. 2006, 128, 12644. 
47 Bakhmutov, V. I.; Bozoglian, F.; Gómez, K.; González, G.; Grushin, V. V.; Macgregor, S. A.; Martin, 
E.; Miloserdov, F. M.; Novikov, M. A.; Panetier, J. A.; Romashov, L. V. Organometallics 2012, 31, 
1315. 
48 See, for example: (a) Redfield, D. A.; Nelson, J. H. Inorg. Chem. 1973, 12, 15. (b) Anderson, G. K.; 
Cross, R. J. Chem. Soc. Rev. 1980, 9, 185. 
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F\DQLGH D]LGH LV QRW FDSDEOH RI GLVSODFLQJ WKH SKRVSKLQH OLJDQGRQ3G,, FRPSOH[HV
LQYROYHGLQWKHWUDQVIRUPDWLRQ3RVVLEOHUHDFWLRQSDWKZD\VIURPWKHFDWDO\WLFDOO\DFWLYH
3GVSHFLHVGLVFXVVHGEHORZWRPLJKW LQYROYHVLQJOHHOHFWURQWUDQVIHU6(7RUUHGR[
SURFHVVHV$OWKRXJKRFFXUULQJWRDPLQRUH[WHQWWKHVHVLGH-UHDFWLRQVHYHQWXDOO\OHDGWR
WKH IRUPDWLRQ RI LQDFWLYH  DV WKHPDMRU 3G VSHFLHV LQ WKH UHDFWLRQPHGLXP /XFNLO\
KRZHYHUWKLVFDWDO\VWGHDFWLYDWLRQGRHVQRWLQYROYHVWUXFWXUDOFKDQJHVWRWKHSKRVSKLQH
OLJDQG(YLGHQWO\GXULQJWKHFDWDO\VLVWKH3FHQWHUVRI;DQWSKRVUHPDLQLQDFFHVVLEOHWR
HQJDJHLQWKH6WDXGLQJHUUHDFWLRQ6FKHPHDQGDUHQRWR[LGL]HGLQWKH3G,,3,,,
WR 3G39 SURFHVV49 :H WKHUHIRUH UHDVRQHG WKDW WKH FDWDO\WLF DFWLYLW\ FRXOG EH
UHJDLQHG E\ UHGXFLQJ WKH SRLVRQHG FDWDO\VW LQ WKH IRUP RI >;DQWSKRV3G,@  WR
;DQWSKRV-VWDELOL]HG 3G 7KLV SURSRVDO ZRXOG DOVR H[SODLQ WKH DERYH-PHQWLRQHG
EHQHILFLDOHIIHFWRIFHUWDLQUHGXFLQJDJHQWVRQWKHD]LGRFDUERQ\ODWLRQSURFHVV 
7RSUREHWKHSURSRVHGGHDFWLYDWLRQSDWKZD\ZHDWWHPSWHGWKHUHGXFWLRQRI%RWK
=Q GXVW DQG 30+6 ZHUH IRXQG WR UHGXFH  WR 3G WKH ORZ-FRVW VWDEOH DQG
HQYLURQPHQWDOO\ IULHQGO\ 30+6 EHLQJ QRW RQO\ PRUH DWWUDFWLYH EXW DOVR VKRZLQJ 
 
 
)LJXUH257(3GUDZLQJRIFLV->;DQWSKRV3G,@Â&+&OFLV-Â&+&OOHIWDQG
WUDQV->;DQWSKRV3G,@WUDQV-ULJKWZLWKWKH&+&OPROHFXOHDQGDOO+DWRPV
RPLWWHGDQGWKHUPDOHOOLSVRLGVGUDZQWRWKHSUREDELOLW\OHYHO 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
49 Grushin, V. V. Chem. Rev. 2004, 104, 1629. 
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VXSHULRU SHUIRUPDQFH$IWHU D VHULHV RI FDWDO\WLF UXQV LW ZDV HVWDEOLVKHG WKDW LQ WKH
SUHVHQFHRIPROHTXLYRI30+6LRGREHQ]HQHFDQEHD]LGRFDUERQ\ODWHGDW!
FRQYHUVLRQ LQ - KZLWK RQO\ 3G50 3HUIRUPLQJ WKH UHDFWLRQ LQ WKH SUHVHQFH RI
30+6 DOVR DOORZHG WR XVH DLU-VWDEOH DQG HDVLO\ DFFHVVLEOH >;DQWSKRV3G&O@  DV
DGGHGFDWDO\VWLQSODFHRIWKHR[\JHQ-VHQVLWLYH;DQWSKRV-3GGEDV\VWHP,QWKLVZD\
 LV UHGXFHG LQ VLWX ZLWK 30+6 WR JLYH FDWDO\WLFDOO\ DFWLYH ;DQWSKRV-OLJDWHG 3G
$QRWKHUDGYDQWDJHRIXVLQJLVWKHDYRLGDQFHRIWKHSUHVHQFHLQWKHUHDFWLRQRIGEDWKDW
PLJKW FRQWDPLQDWH WKH DUR\O D]LGH SURGXFW:H DOVR WRRN LQWR FRQVLGHUDWLRQ WKDW WKH
UHGXFWLRQ RI >;DQWSKRV3G&O@ ZLWK 30+6 LQ WKH SUHVHQFH RI ZDWHU SURGXFHV +&O
ZKLFKORZHUVWKHS+RIWKHPHGLXPWKHUHE\LQFUHDVLQJWKHFRQFHQWUDWLRQRIKD]DUGRXV 
 
7DEOH3G-FDWDO\]HGD]LGRFDUERQ\ODWLRQRILRGRDUHQHVPPROLQWKHSUHVHQFHRI
PRODQG30+6D$OO\LHOGVDUHLVRODWHG\LHOGVRISXUHSURGXFWV 
 
     
DJ EJ GJE HJF IJF 
    
 
JJ MJ NJ RJ TJ 
a Reaction conditions: ArI (10 mmol), NaN3 (12 mmol), [(Xantphos)PdCl2@Â&+2Cl2 (8; 0.02 mmol; 0.2 
mol % Pd), K2CO3 (0.2 mmol; 2 mol %), in THF (0.5 mL) and water (2 mL) at 23 oC. b 2 mL THF. c 3 
mL THF. 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
50 In the presence of larger quantities of PMHS (2 equiv) at 50 oC, the aroyl azide product undergoes 
reduction to the corresponding benzamide (see above). 
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K\GUD]RLFDFLG$OWKRXJK+&OLVJHQHUDWHGLQRQO\PLQXWHTXDQWLWLHVHTXLYSHU
 WKDW LVXVHGLQWKHDPRXQWRIPROZHSHUIRUPHGWKHFDWDO\WLFUHDFWLRQ LQWKH
SUHVHQFHRI.&2WRQHXWUDOL]HWKH+&ODQGWKXVSUHYHQWWKHIRUPDWLRQRI+1
8QGHU WKH RSWLPL]HG QHZ FRQGLWLRQV D VHULHV RI DU\O LRGLGHV ZHUH VXFFHVVIXOO\
FRQYHUWHGWRWKHFRUUHVSRQGLQJDUR\OD]LGHVZLWKRQO\PRORI7DEOH7KHVH
UHDFWLRQV ZHUH SHUIRUPHG RQ D PPRO VFDOH DQG IXUQLVKHG WKH FRUUHVSRQGLQJ SXUH
SURGXFWVLQ-LVRODWHG\LHOG 
 
$WWHPSWHG $]LGRFDUERQ\ODWLRQ RI $U\O %URPLGHV 1XPHURXV DWWHPSWV WR
HIILFLHQWO\D]LGRFDUERQ\ODWHFRQVLGHUDEO\OHVVUHDFWLYHEURPRDUHQHVZHUHXQVXFFHVVIXO
$OWKRXJK OLJDQGV VROYHQWV DQG WHPSHUDWXUH ZHUH YDULHG LQ D EURDG UDQJH WKH
FRQYHUVLRQ QHYHU H[FHHGHG  HYHQ IRU PRUH HOHFWURSKLOLF HOHFWURQ-GHILFLHQW DU\O
EURPLGHV$WHOHYDWHGWHPSHUDWXUHVUHTXLUHGIRU$U-%UR[LGDWLYHDGGLWLRQWR;DQWSKRV-
VWDELOL]HG3GWRRFFXUWKHFDWDO\VWLVTXLFNO\GHDFWLYDWHGE\WKH6WDXGLQJHUUHDFWLRQ
RIWKH$U&21SURGXFWZLWKWKHSKRVSKLQHOLJDQG,QWKHSUHVHQFHRI&2DFWLYDWLRQRI
EURPRDUHQHVZLWK WHUWLDU\SKRVSKLQH FRPSOH[HVRI]HURYDOHQWSDOODGLXP LVHYHQPRUH
VOXJJLVK DQG WKHUHIRUH HYHQ KLJKHU WHPSHUDWXUHV DUH QHHGHG VHH EHORZ ,QGHHG
HYLGHQFH KDV EHHQ UHSRUWHG5152 IRU GLPLQLVKHG UHDFWLYLW\ RI SKRVSKLQH-OLJDWHG 3G
XQGHU&2SUHVVXUH7KLV LV LQ IXOO DFFRUGZLWK WKH IDFW WKDWKLJKHU&2FRQFHQWUDWLRQV
UHVXOWLQPRUHHIILFLHQWGLVSODFHPHQWRIWKHSKRVSKLQHOLJDQGVRQWKHPHWDOZLWKʌ-DFLGLF
FDUERQ\OVWKHUHE\GLPLQLVKLQJUHDFWLYLW\RIWKH3GFHQWHUWRZDUGHOHFWURSKLOHV 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
51 Ozawa, F.; Soyama, H.; Yanagihara, H.; Aoyama, I.; Takino, H.; Izawa, K.; Yamamoto, T.; 
Yamamoto, A. J. Am. Chem. Soc. 1985, 107, 3235. 
52 (a) Mägerlein, W.; Beller, M.; Indolese, A. F. J. Mol. Catal. A: Chem. 2000, 156, 213. (b) Gaviño, R.; 
Pellegrini, S.; Castanet, Y.; Mortreux, A.; Mentré, O. Appl. Catal., A 2001, 217, 91. 
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6DIHW\ 7KH UHDFWLRQV VXPPDUL]HG LQ 7DEOH  SURGXFHG JUDP TXDQWLWLHV RI DUR\O
D]LGHV WKDW ZHUH LVRODWHG DQG SXULILHG $V PDQ\ D]LGR GHULYDWLYHV DUH H[SORVLYH
FRPPHQWV DUH GXH RQ VDIHW\ DVSHFWV RI WKH GHYHORSHG FDWDO\WLF D]LGRFDUERQ\ODWLRQ
PHWKRG 7KH VR-FDOOHG ³D]LGRSKRELD´ RIWHQ RULJLQDWHV IURP WKH H[WUHPH VKRFN
VHQVLWLYLW\ RI FHUWDLQ PHWDO D]LGHV53 :KLOH FDUH PXVW EH H[HUFLVHG ZKHQ KDQGOLQJ
RUJDQLFD]LGHVVRPHRIWKHPDUHOHVVH[SORVLYHWKDQRWKHUVDQGKDYHEHHQVDIHO\XVHG
RQ D ODUJH VFDOH54 :H KDYH QRW H[SHULHQFHG VDIHW\ SUREOHPV UXQQLQJ WKH
D]LGRFDUERQ\ODWLRQ UHDFWLRQV DQG PDQLSXODWLQJ RUJDQLF D]LGH GHULYDWLYHV UHSRUWHG
KHUHLQ 
,Q WKH FXUUHQW ZRUN ZH GHDOW QRW RQO\ ZLWK RUJDQLF D]LGHV EXW DOVR ZLWK D]LGR
FRPSOH[HV RI SDOODGLXP 7KH VLPSOHVW SDOODGLXP D]LGH >3G1@ LV KLJKO\ VKRFN
VHQVLWLYH DQG H[SORVLYH55 7HWUDD]LGRSDOODGDWHV VXFK DV >3G1+@
>3G1@
- DUH
GHWRQDWHG E\ IULFWLRQ RU VKRFNE 2Q WKH RWKHU KDQG QRQ-KRPROHSWLF 3G,, D]LGH
GHULYDWLYHVEHDULQJRWKHUOLJDQGVFDQEHVWDEOHDQGQRQH[SORVLYHHJ>3\3G1@
E
$OO RI WKH SKRVSKLQH-OLJDWHGPRQR-D]LGR RUJDQRSDOODGLXPFRPSOH[HV SUHSDUHG LQ WKLV
ZRUN DUH VWDEOH FRPSRXQGV WKDW GLG QRW H[KLELW DQ\ VLJQV RI H[SORVLYHQHVV ,W ZDV
FRQFHLYDEOHKRZHYHUWKDWVPDOOTXDQWLWLHVRIGLD]LGR3G,,VSHFLHVFRXOGHPHUJHLQWKH
FDWDO\WLFSURFHVVIURPPHWDWKHVLVUHDFWLRQVRI WKH1D1UHDJHQWZLWK>;DQWSKRV3G,@
 FDWDO\VW GHDFWLYDWLRQ SURGXFW RU >;DQWSKRV3G&O@  DGGHG FDWDO\VW 7R DVVHVV
VDIHW\RIVXFKGLD]LGRVSHFLHVZHSUHSDUHG>;DQWSKRV3G1@E\UHDFWLQJZLWK
VRGLXP D]LGH LQ &+&O - +2  \LHOG &RPSOH[  ZDV IXOO\ FKDUDFWHUL]HG
LQFOXGLQJE\VLQJOH-FU\VWDO;-UD\GLIIUDFWLRQ )LJXUHDQG IRXQG WREHVWDEOH7KLV
GLD]LGHZDVQRWVKRFN-VHQVLWLYHVWULNLQJZLWKDKDPPHUDQGGLGQRWVKRZDQ\VLJQVRI	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
53 See footnote 77 in: Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem. Int. Ed. 2001, 40, 2004. 
54 González-Bobes, F.; Kopp, N.; Li, L.; Deerberg, J.; Sharma, P.; Leung, S.; Davies, M.; Bush, J.; 
Hamm, J.; Hrytsak, M. Org. Process Res. Dev. 2012, 16, 2051 and references cited therein. 
55 (a) Beck, W.; Fehlhammer, W. P.; Pöllmann, P.; Schuierer, E.; Feldl, K. Chem. Ber. 1967, 100, 2335. 
(b) Beck, W.; Klapötke, T. M.; Knizek, J.; Nöth, H.; Schütt, T. Eur. J. Inorg. Chem. 1999, 523. 
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GHFRPSRVLWLRQ LQ'0)DW R&DIWHUKRXUV:HFRQFOXGH WKDW;DQWSKRV-VWDELOL]HG
D]LGR SDOODGLXP VSHFLHV LQYROYHG LQ WKH FDWDO\WLF SURFHVV DUH VDIH WRZRUNZLWK2QH
PXVW EHDU LQPLQG KRZHYHU WKDW L LQ WKH SUHVHQFH RI 1D1 DQG LQ WKH DEVHQFH RI
VWDELOL]LQJ WHUWLDU\ SKRVSKLQH RU RWKHU OLJDQGV D 3G,, VRXUFH PD\ EH FRQYHUWHG WR
KLJKO\H[SORVLYHVSHFLHVVXFKDV>3G1@
DQGLLD]LGRGHULYDWLYHVVKRXOGDOZD\VEH
KDQGOHGZLWKFDUH 
 
 
)LJXUH257(3GUDZLQJRIFLV->;DQWSKRV3G1@Â&+&OFLV-Â&+&OZLWKWKH
&+&OPROHFXOHDQGDOO+DWRPVRPLWWHGDQGWKHUPDOHOOLSVRLGVGUDZQWRWKH
SUREDELOLW\OHYHO 
 
([SHULPHQWDO0HFKDQLVWLF6WXGLHV,QSDUDOOHOZLWKWKHGHYHORSPHQWRIDQHIILFLHQW
FDWDO\WLFD]LGRFDUERQ\ODWLRQSURFHVVZHVWXGLHGWKHPHFKDQLVPRIWKLVUHDFWLRQ/LNHDOO
3G-FDWDO\]HG FURVV-FRXSOLQJ UHDFWLRQV RI DU\O KDOLGHV WKH D]LGRFDUERQ\ODWLRQ LQYROYHV
R[LGDWLYH DGGLWLRQ RI WKH KDORDUHQH VXEVWUDWH WR 3G DV WKH ILUVW NH\ VWHS2[LGDWLYH
DGGLWLRQRI3K,WR3GGED;DQWSKRVDWURRPWHPSHUDWXUHWRJLYH>;DQWSKRV3G3K,@
KDVEHHQUHSRUWHGSUHYLRXVO\:HUHDVRQHGKRZHYHUWKDWLQWKHSUHVHQFHRI&2
$U-, DFWLYDWLRQ ZLWK ;DQWSKRV-VWDELOL]HG 3G PLJKW LQYROYH PL[HG SKRVSKLQR-
FDUERQ\O VSHFLHV DQG OHDG WR D GLIIHUHQW RXWFRPH 6XUSULVLQJO\ OLWWOH LV NQRZQ DERXW
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R[LGDWLYH DGGLWLRQ WR 3G FRPSOH[HV EHDULQJ ERWK WHUWLDU\ SKRVSKLQH DQG &2
OLJDQGV56 
0L[LQJ;DQWSKRVZLWK3GGEDLQDOLJDQGWR3GUDWLRLQEHQ]HQH-GSURGXFHG
WZR 3^+`105-REVHUYDEOH VSHFLHV >;DQWSKRV3GGED@  WZRGRXEOHWV DW 
DQGSSP-3-3 +]DQG>;DQWSKRV3G@WZREURDGPXOWLSOHWVDWDQG
SSPLQDUDWLR7KLVSDWWHUQLVVLPLODUWRWKHRQHSUHYLRXVO\UHSRUWHGIRUWKH-
GL-WHUW-EXW\O;DQWSKRV-3GGEDV\VWHP7KHVWUXFWXUHRI)LJXUHZDVHVWDEOLVKHG
E\ DQ ;-UD\ GLIIUDFWLRQ VWXG\ RI ā7+) REWDLQHG IURP D UHSHDW RI WKH UHDFWLRQ RI
;DQWSKRVZLWK3GGEDLQ7+) 
 
 
)LJXUH257(3GUDZLQJRI>;DQWSKRV3GGED@Â7+)Â7+)ZLWKWKH7+)
PROHFXOHVDQGDOO+DWRPVRPLWWHGIRUFODULW\DQGWKHUPDOHOOLSVRLGVGUDZQWRWKH
SUREDELOLW\OHYHO 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
56 Reported mechanistic information on oxidative addition of organic halides to mixed phosphino 
carbonyl Pd(0) species is extremely limited. For selected examples, see: (a) Kudo, K.; Sato, M.; Hidai, 
M.; Uchida, Y. Bull. Chem. Soc. Jpn. 1973, 46, 2820. (b) Stille, J. K.; Lau, K. S. Y. J. Am. Chem. Soc. 
1976, 98, 5841. (c) Lau, K. S. Y.; Wong, P. K.; Stille, J. K. J. Am. Chem. Soc. 1976, 98, 5832. 
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$GGLQJ &2  DWP WR WKH VROXWLRQ RI >;DQWSKRV3GGED@ DQG >;DQWSKRV3G@
JHQHUDWHGIURP;DQWSKRVDQG3GGEDLQEHQ]HQH-GRU7+)UHVXOWHGLQLQVWDQWDQHRXV
IXOOFRQYHUVLRQRIERWKFRPSOH[HVDQGWKHDSSHDUDQFHRIRQO\RQHVLQJOHWUHVRQDQFHDW
SSP&' LQ WKH
3^+`105VSHFWUXP7ZRVWURQJEDQGVDWDQG
FP-LQWKH)7-,5VSHFWUXPRIWKHUHDFWLRQVROXWLRQLQ7+)VXJJHVWHG57WKDWWKHVSHFLHV
UHVRQDWLQJDWSSPLQWKH3^+`105VSHFWUXPLVDGLFDUERQ\OFRPSOH[ OLNHO\
>;DQWSKRV3G&2@7KLVVWUXFWXUHZDVLQGHHGHVWDEOLVKHGE\VLQJOHFU\VWDO;-UD\
GLIIUDFWLRQ RI āKH[DQH )LJXUH  REWDLQHG IURP DQ LQGHSHQGHQW H[SHULPHQW VHH
EHORZ 
 
 
 
)LJXUH257(3GUDZLQJRI>;DQWSKRV3G&2@ÂQ-&+ÂKH[DQHZLWK
FRFU\VWDOOL]HGKH[DQHDQGDOO+DWRPVRPLWWHGDQGWKHUPDOHOOLSVRLGVGUDZQWRWKH
SUREDELOLW\OHYHO 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
57 Braterman, P. S. Metal Carbonyl Spectra; Academic Press: London, 1975. 
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:HWKHQIRXQGWKDWEXEEOLQJDUJRQWKURXJKDVROXWLRQRIJHQHUDWHGIURPDQG
&2TXDQWLWDWLYHO\SURGXFHGZLWKLQRQHPLQXWH7KHVHREVHUYDWLRQVFOHDUO\LQGLFDWHG
WKDWDOWKRXJK&2ELQGVPRUHWLJKWO\WR;DQWSKRV3GWKDQGEDWKHIRUPDWLRQRI
IURP LVUHYHUVLEOHDQGWKDWWKHHTXLOLEULXPEHWZHHQWKHWZRFDQEHHDVLO\VKLIWHGWR
 XQGHU&2-GHILFLHQW FRQGLWLRQV%RWK DQGZHUH IRXQG WR UHDFWZLWK3K,7KH
UHDFWLRQ RI  ZLWK 3K, KDV EHHQ SUHYLRXVO\ VKRZQ WR SURGXFH >;DQWSKRV3G3K,@ 
VHHDERYH,QWKHFXUUHQWZRUNZHIRXQGWKDWUHDGLO\UHDFWHGZLWK&2DWP
WR JLYH VHOHFWLYHO\ WKH SURGXFW RI &2 LQVHUWLRQ LQWR WKH 3G-3K ERQG
>;DQWSKRV3G&23K,@WKDWZDVDOVRIRUPHGXSRQDGGLWLRQRI3K,WRXQGHU&2
6FKHPH&RPSOH[ZDV LVRODWHGDQG IXOO\FKDUDFWHUL]HG LQFOXGLQJE\VLQJOH-
FU\VWDO ;-UD\ GLIIUDFWLRQ )LJXUH  /LNH LWV EURPR FRQJHQHU
>;DQWSKRV3G&23K%U@EZDV IRXQG WREH FLV LQ WKHFU\VWDO \HW GLVSOD\HGRQO\
RQH3^+`105VLQJOHWLQ7+)EHQ]HQHDQG&'&O$OWKRXJKWKLVEHKDYLRUFRXOG
EH DWWULEXWHG WR  EHLQJ H[FOXVLYHO\ WUDQV LQ VROXWLRQ LW LV OLNHO\ WKDW WKH FRPSOH[
XQGHUJRHV IDFLOH FLV-WUDQV LVRPHUL]DWLRQ WKDWPD\QRWEH IUR]HQRXWRQ WKH105WLPH
VFDOH$YHU\ORZEDUULHURIRQO\NFDOPROZDVODWHUFRPSXWHGIRUWKLVLVRPHUL]DWLRQ
VHHEHORZ 
 
 
6FKHPH7ZRR[LGDWLYHDGGLWLRQSDWKZD\VOHDGLQJWR 
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$V IROORZV IURP6FKHPH  WKHUH DUH WZR SRVVLEOH R[LGDWLYH DGGLWLRQ SDWKZD\V
OHDGLQJ WR WKHNH\ LQWHUPHGLDWH ,I$U-, R[LGDWLYHDGGLWLRQ LV WKH UDWH-OLPLWLQJVWHS
WKH FDWDO\WLF SURFHVV VKRXOG EH VORZHU DW KLJKHU FRQFHQWUDWLRQV RI &2 IDYRULQJ WKH
IRUPDWLRQ RI  7KH ODWWHU LV OHVV HOHFWURQ-HQULFKHG WKDQ  EHFDXVH RI WKH VWURQJHU 
ʌ-DFLGLW\RIWZR&2OLJDQGVDVFRPSDUHGZLWKGED6ORZHUUHDFWLRQUDWHVXQGHUKLJKHU
&2SUHVVXUHVKDYHEHHQUHSRUWHGIRU3G-FDWDO\]HGDONR[\FDUERQ\ODWLRQUHDFWLRQV7KH
OLWHUDWXUH GDWD58 RQ VROXELOLW\ RI&2 LQ EHQ]HQH DOORZHG XV WR HVWLPDWH WKH&2 WR3G
UDWLRLQRXUVWDQGDUGFDWDO\WLFD]LGRFDUERQ\ODWLRQUXQVDWPR&DWFD8QGHU
VXFKFRQGLWLRQV-IOXRURLRGREHQ]HQHZDVD]LGRFDUERQ\ODWHGDWFRQYHUVLRQLQK
,QD UHSHDWRI WKLV UXQXQGHUDWPRI&2&23G FDRQO\FRQYHUVLRQZDV
UHDFKHG DIWHU WKH VDPH SHULRG RI WLPH LQGLFDWLQJ WKDW >&2@ GRHV LQIOXHQFH WKH UDWH-
OLPLWLQJ R[LGDWLYH DGGLWLRQ VWHS DV VKRZQ LQ 6FKHPH 7KLV FRQFOXVLRQZDV WKHQ
FRQILUPHGE\FRPSXWDWLRQDOVWXGLHVVHHEHORZ 
 
 
)LJXUH257(3GUDZLQJRIFLV->;DQWSKRV3G&23K,@Â7+)FLV-Â7+)
ZLWKWKH7+)PROHFXOHDQGDOO+DWRPVRPLWWHGDQGWKHUPDOHOOLSVRLGVGUDZQWRWKH
SUREDELOLW\OHYHO 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
58 *MDOGEपN-&KUActa Chem. Scand. 1952, 6, 623. 
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%RWKSURGXFWVRIWKHR[LGDWLYHDGGLWLRQDQGZHUHIRXQGWRUHDGLO\UHDFWZLWK
D]LGHDVVKRZQLQ6FKHPH7UHDWPHQWRIZLWK>%X1@
1
- LQEHQ]HQH59XQGHU
&2 UHVXOWHG LQ WKH LQVWDQWDQHRXV FOHDQ IRUPDWLRQ RI 3K&21 DORQJ ZLWK
>;DQWSKRV3G&2@,QWKLVZD\WKHPRGHOHGFDWDO\WLFF\FOHZDVFORVHGEHFDXVH
3K&21LVWKHILQDOSURGXFWRIWKHSURFHVVDQGFDQFRPPHQFHDQRWKHUWXUQRYHUE\
$U-,DFWLYDWLRQYLDWKHR[LGDWLYHDGGLWLRQ6FKHPH 
 
 
6FKHPH5HDFWLRQVRIDQGZLWK&2DQG1
- 
 
,QWHUPHGLDWH  WKDW ZRXOG EH SURGXFHG XQGHU &2-GHILFLHQW FRQGLWLRQV 6FKHPH
ZDVDOVRUHDFWLYHWRZDUGD]LGH6FKHPH7KHUHDFWLRQRIZLWKHTXLY
RI >%X1@
1
- LQ EHQ]HQH SURGXFHG >;DQWSKRV3G3K1@  TXDQWLWDWLYHO\ 7KLV
DQLRQLFOLJDQGH[FKDQJHDOVRUHDGLO\RFFXUUHGZLWK1D1XQGHUELSKDVLFFRQGLWLRQV LQ
WKH DEVHQFH RI D SKDVH-WUDQVIHU DJHQW ,Q EHQ]HQH ± DTXHRXV 1D1 WKHUPRG\QDPLF
HTXLOLEULXP EHWZHHQ  DQG  ZDV UHDFKHG ZLWKLQ  PLQXWHV DW YLJRURXV VWLUULQJ
+RZHYHU RQO\ FD  FRQYHUVLRQ WR  ZDV REVHUYHG DW HTXLOLEULXP HYHQ LQ WKH
SUHVHQFH RI  HTXLY RI 1D1 7R LVRODWH  WKH EURPR DQDORJXH
60 RI  ZDV XVHG
EHFDXVH LQ WKH SUHVHQFH RI ZDWHU WKH HTXLOLEULXP EHWZHHQ WKH 3G-; DQG 3G-1 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
59	  X-ray quality crystals of tetrabutylammonium azide formed from its benzene solution on standing. One 
of them was used for crystal structure determination of [Bu4N]+N3- (See the Experimental Section for 
details). 
60 Fujita, K.; Yamashita, M.; Puschmann, F.; Alvarez-Falcon, M. M.; Incarvito, C. D.; Hartwig, J. F. J. 
Am. Chem. Soc. 2006, 128, 9044. 
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FRPSOH[HVLVVKLIWHGPRUHWRZDUGWKHODWWHUIRU; %UWKDQ,61VLQFHEURPLGHLVPRUH
VWURQJO\ K\GUDWHG WKDQ LRGLGH 7KH DQLRQ H[FKDQJH H[WUDFWLRQ62 RI WKH %U- IURP
>;DQWSKRV3G3K%U@LQ&+&OZLWKDTXHRXV1D1JDYHWKDWZDVLVRODWHGSXUHDQG
IXOO\FKDUDFWHUL]HG LQVROXWLRQE\ +DQG3^+`105GDWDDQG LQ WKHVROLGVWDWHE\
VLQJOH-FU\VWDO;-UD\GLIIUDFWLRQ)LJXUH 
 
 
)LJXUH257(3GUDZLQJRIWUDQV->;DQWSKRV3G3K1@WUDQV-ZLWKDOO+
DWRPVRPLWWHGDQGWKHUPDOHOOLSVRLGVGUDZQWRWKHSUREDELOLW\OHYHO 
 
%XEEOLQJ&2 WKURXJK D VROXWLRQ RI  LQ EHQ]HQH-G UHVXOWHG LQ WKH LQVWDQWDQHRXV
IRUPDWLRQ RI 3K&21 DQG >;DQWSKRV3G&2@  6FKHPH  5HSHDWLQJ WKLV
UHDFWLRQLQWROXHQHZLWKVXEVHTXHQWDGGLWLRQRIKH[DQHVSURGXFHG;-UD\TXDOLW\FU\VWDOV
IRUWKHVWUXFWXUHGHWHUPLQDWLRQRI)LJXUH 
7KH DERYH-GHVFULEHG UHVXOWV SRLQWHG FOHDUO\ WR WZR UHDFWLRQ SDWKZD\V WR 3K&21
ZLWK VLPXOWDQHRXV UHJHQHUDWLRQRI3G YLD DQGYLD 6FKHPHVDQG
%RWK URXWHV OLNHO\ OHDG WR >;DQWSKRV3G&23K1@  DV D FRPPRQ LQWHUPHGLDWH
WKDW XQGHUJRHV 3K&2-1 UHGXFWLYH HOLPLQDWLRQ 7KH FRPSHWLWLRQ EHWZHHQ WKHVH WZR	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
61 (a) Grushin, V. V. Angew. Chem. Int. Ed. 1998, 37, 994. (b) Flemming, J. P.; Pilon, M. C.; 
Borbulevitch, O. Ya.; Antipin, M. Yu.; Grushin, V. V. Inorg. Chim. Acta 1998, 280, 87. 
62 Coyle, R. J.; Slovokhotov, Yu. L.; Antipin, M. Yu.; Grushin, V. V. Polyhedron 1998, 17, 3059. 
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UHDFWLRQFKDQQHOVLVH[SHFWHGWREHVWURQJO\GHSHQGHQWRQFRQFHQWUDWLRQVRI&2DQG1
-
WKH QDWXUH RI WKHPHGLXP DQGRWKHU IDFWRUV WKDW FRQWURO DQLRQLF OLJDQG H[FKDQJH DQG
PLJUDWRU\LQVHUWLRQSURFHVVHVDVZHOODVPDVVWUDQVIHULQWKHWULSKDVLFOLTXLG-OLTXLG-JDV
V\VWHP6FKHPH7ZRH[WUHPHFDVHVFRXOGEHFRQVLGHUHG,IWKHFDWDO\WLFUHDFWLRQ
LVSHUIRUPHGLQWKHSUHVHQFHRI&2LQH[FHVV>3G@>&2@WKHSDWKZD\LQYROYLQJLV
H[SHFWHGWRGRPLQDWHEHFDXVHWKHIDFLOHPLJUDWRU\LQVHUWLRQRI&2LQWRWKH3G-&ERQG
RI  LV D KRPRJHQHRXV SURFHVV UDSLGO\ RFFXUULQJ LQ WKH RUJDQLF SKDVH ZKHUHDV WKH
DOWHUQDWLYH URXWH YLD  UHTXLUHV VORZHU DQLRQLF OLJDQG H[FKDQJH DW WKH OLTXLG-OLTXLG
LQWHUIDFHRIWKHELSKDVLFV\VWHP7KHSUHYDLOLQJFDWDO\WLFF\FOHZRXOGWKHQLQYROYHWKH
VHTXHQFHĺĺĺĺORRS$LQ6FKHPH,WUHPDLQVXQNQRZQLI
WKHR[LGDWLYHDGGLWLRQRI$U,WRRFFXUVYLDSUH-GLVVRFLDWLRQRIERWKFDUERQ\OOLJDQGV
IURPWKH3GFHQWHU,ILWGRHVWKHQ LVOLNHO\LQYROYHGLQWKHF\FOHDOEHLWDVDVKRUW-
OLYLQJLQWHUPHGLDWHWKDWLVTXLFNO\WUDQVIRUPHGWRYLDIDFLOH&2LQVHUWLRQ+RZHYHULI
DWOHDVWRQH&2OLJDQGUHPDLQVRQ3GGXULQJWKH$U-,R[LGDWLYHDGGLWLRQWKHIRUPDWLRQ
RIPLJKWEHVNLSSHGZLWKJRLQJGLUHFWO\WRLHĺĺĺ6FKHPH
 ORRS % 8QGHU &2-GHILFLHQW FRQGLWLRQV >3G@ ! >&2@ WZR RWKHU FDWDO\WLF
SDWKZD\VDUHSRVVLEOHĺĺĺĺORRS&DQGĺĺĺ
ĺORRS'7KHFRPSHWLWLRQEHWZHHQ&DQG'ZRXOGREYLRXVO\GHSHQGRQUHODWLYH
UDWHVRI WKH WUDQVIRUPDWLRQRI WR &2 LQVHUWLRQ DQG WR ,-1
- H[FKDQJH DV
ZHOO DV RI FDUERQ\ODWLRQ RI  WR $V GHVFULEHG DERYH WKH SRVVLELOLW\ IRU DOO IRXU
SDWKZD\V$ %& DQG' 6FKHPH  KDV EHHQ GHPRQVWUDWHG E\ VWRLFKLRPHWULF
H[SHULPHQWV 5HJDUGOHVV RI ZKLFK RI WKH UHDFWLRQ FKDQQHOV ZLQV WKH FRPSHWLWLRQ WKH
SURFHVV LQYDULDEO\ OHDGV WR WKH GHVLUHG DUR\O D]LGH SURGXFW ,PSRUWDQWO\ XQOLNH
>533G3K1@
5 0H(WVHHDERYHGRHVQRWIRUPD3G-1&2VSHFLHVYLD
1ORVVXSRQWUHDWPHQWZLWK&2 
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6FKHPH3G-FDWDO\]HGD]LGRFDUERQ\ODWLRQRI3K,XQGHUWULSKDVLFFRQGLWLRQV 
 
 
6FKHPH)RXUSRVVLEOHFDWDO\WLFORRSVIRU3G-FDWDO\]HGD]LGRFDUERQ\ODWLRQRI$U, 
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,Q RXU H[SHULPHQWDO PHFKDQLVWLF VWXGLHV ZH KDYH VXFFHHGHG LQ LVRODWLRQ DQG IXOO
FKDUDFWHUL]DWLRQ RI DOO LQWHUPHGLDWHV LQYROYHG LQ WKH D]LGRFDUERQ\ODWLRQ SURFHVV
6FKHPHVDQG$U 3KH[FHSWIRU>;DQWSKRV3G&23K1@$V
 LV WRR XQVWDEOH IRU LVRODWLRQ DQGRU GHWHFWLRQ TXLFNO\ XQGHUJRLQJ UHGXFWLYH
HOLPLQDWLRQRI3K&21YDULRXVURXWHVWRDQGWKHSURGXFWIRUPLQJ&-1FRXSOLQJVWHS
ZHUHVWXGLHGE\FRPSXWDWLRQDOPHDQV 
 
Computational Studies.26 The density functional theory (DFT) calculations have 
been employed to assess the different mechanistic possibilities outlined in  
Scheme 1.20.63  
We initially considered the different species that may be involved in the initial Ph-I 
oxidative addition step under conditions of excess CO (i.e. loop A  vs. loop B; Scheme 
1.20). The most stable Pd(0) precursor under these circumstances is 
[(Xantphos)Pd(CO)2] (12; G = 0.0 kcal/mol), and successive CO dissociations from this 
species lead to trigonal-planar [(Xantphos)Pd(CO)] (G = +12.2 kcal/mol) and 
[(Xantphos)Pd] (G = +38.1 kcal/mol; see Figure 1.11). PhI can add to the latter to give 
an K2-adduct bound through the Cipso-Cortho bond (I1; G = +26.7 kcal/mol) which is the 
direct precursor to C-I cleavage. This proceeds with a small additional barrier of  
4.7 kcal/mol through a pseudo-tetrahedral transition state (TSO A1; see Figure 1.12) 
which leads initially to I3 (G = +11.2 kcal/mol), an isomer of 10 featuring a square-
pyramidal geometry with a weakly bound axial iodide and a N3-P,O,P Xantphos 
ligand.64 Elongation of the Pd-O bond leads to trans-10 (G = +4.2 kcal/mol) with a 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
63 For additional computational details, see the original publication: Miloserdov, F. M.; McMullin, C. L.; 
Martínez Belmonte, M.; Benet Buchholz, J.; Bakhmutov, V. I.; Macgregor, S. A.; Grushin, V. V. 
Organometallics, 2014, 33, 736. 
64 For previous computational studies of Ph-X activation (X = Cl, Br) at [Pd(Xantphos)], see: Hicks, J. D.; 
Hyde, A. M.; Cuezva, A. M.; Buchwald, S. L. J. Am. Chem. Soc. 2009, 131, 16720. Structure 2a reported 
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minimal barrier of 1.7 kcal/mol. Alternatively, Ph-I cleavage may occur at 
[(Xantphos)Pd(CO)]. In this case no K2-adduct could be located, possibly due to 
increased steric encumbrance around the Pd center; instead the most stable precursor 
located is a non-covalently bound adduct in which PhI lies above the metal coordination 
plane with the iodine directed toward the Pd centre (I2; PdI = 3.06 Å; G = +8.8 
kcal/mol). From here Ph-I bond cleavage occurs via TSO A2 (G = +23.5 kcal/mol) which 
displays a distorted trigonal-bipyramidal geometry with CO and I in the axial sites  
(see Figure 1.12). TSO A2 also features significant elongation of the Pd-P2 distance  
(by ca. 0.14 Å cf. I2) and IRC calculations show this bond breaks completely in 
forming intermediate I4(I) (PdP2 = 3.66 Å; G = +6.5 kcal/mol). I4(I) displays 
square-planar coordination geometry around Pd with CO again trans to I, this being 
favored (as in TSO A2) due to the trans arrangement of S-acceptor and S-donor ligands. 
Figure 1.11 shows that Ph-I bond activation is most accessible via [(Xantphos)Pd(CO)] 
and proceeds with an overall barrier of 23.5 kcal/mol to form 
[(Xantphos)Pd(CO)(I)(Ph)] directly, i.e. suggesting that loop B will be in operation 
(Scheme 1.20). 
:H KDYH DOVR FRQVLGHUHG 3K-, DFWLYDWLRQ XQGHU ORZ &2 FRQFHQWUDWLRQV ,Q WKHVH
FRQGLWLRQVWKHOLNHO\3GSUHFXUVRULV>;DQWSKRV3GGED@ZKLFKLVFRPSXWHGWR
OLHNFDOPRODERYH>;DQWSKRV3G&2@7KHHVWLPDWHGEDUULHUYLD762$ZRXOG
WKHUHIRUH EH  NFDOPRO DVVXPLQJ IDFLOH GLVSODFHPHQW RI GED E\ 3K, DQG WKLV LV
FRQVLVWHQWZLWKPRUHIDFLOHDU\OKDOLGHDFWLYDWLRQLQWKHDEVHQFHRI&2QRWHGDERYH 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
in that work is related to I3 located here, although in that case no Pd-O interaction was apparent and a 
different orientation of the Ph ligand was seen.  
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)LJXUH$OWHUQDWLYHFRPSXWHGUHDFWLRQSURILOHVIRU3K,DFWLYDWLRQDW
>;DQWSKRV3G&2@5HODWLYHIUHHHQHUJLHVLQZDWHUDUHJLYHQLQNFDOPRO 
 
 
  
)LJXUH&RPSXWHGJHRPHWULHVIRU762$OHIWDQG762$ULJKW;DQWSKRV3K
JURXSVDUHWUXQFDWHGDWWKHLSVRFDUERQDQG+DWRPVDUHRPLWWHGIRUFODULW\ 
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7KHFRPSXWHGUHDFWLRQSURILOHIRUWKHUHPDLQGHURIWKHFDWDO\WLFF\FOHDORQJORRS%LV
VKRZQ LQ )LJXUH  &2 PLJUDWRU\ LQVHUWLRQ LQ ,, SURFHHGV YLD 760,, 
)LJXUHZLWKDEDUULHURINFDOPRODQGIRUPVWUDQV-DW-NFDOPRO65ZKLFK
LVFRPSXWHGWREHNFDOPROOHVVVWDEOHWKDQFLV- LQVROXWLRQ)RUPDWLRQRIFLV-
PD\ SURFHHG YLD WUDQV-FLV LVRPHUL]DWLRQ LQ  DQG ,-1- H[FKDQJH RU YLD ,-1-
H[FKDQJHLQWUDQV-IROORZHGE\WUDQV-FLVLQ%RWKSRVVLELOLWLHVDSSHDUWREHUHDGLO\
DFFHVVLEOHIRUH[DPSOHWUDQV-FLVLVRPHUL]DWLRQLQKDVDEDUULHURIRQO\NFDOPRO
ZKLOHERWK ,-1
-H[FKDQJHSURFHVVHVDUHFRPSXWHG WR OLHFORVH WRHTXLOLEULXP662QFH
FLV-LVIRUPHG&-1ERQGIRUPDWLRQSURFHHGVYLD765&)LJXUHZLWKDEDUULHURI
NFDOPRO UHDGLO\ DFFHVVLEOHDW URRP WHPSHUDWXUH DQGVR FRQVLVWHQWZLWK WKHQRQ-
REVHUYDWLRQ RI  H[SHULPHQWDOO\67 7KLV JLYHV , WKHPRVW VWDEOH IRUP RI ZKLFK KDV
3K&21ERXQGDVDQK-DUHQHIDVKLRQWKURXJKD&LSVR-&RUWKRERQG* -NFDOPRO
7KH 3K&21 SURGXFW FDQ WKHQ EH GLVSODFHG IURP , E\ &2 WR UHJHQHUDWH
>;DQWSKRV3G&2@ (DFK RI WKHVH VWHSV LV UHDGLO\ DFFHVVLEOH DQG WKH FDOFXODWLRQV
VXJJHVW WKDW DIWHU UDWH-OLPLWLQJ R[LGDWLYH DGGLWLRQ WKH IRUPDWLRQ RI SURGXFWV DQG
UHJHQHUDWLRQ RI WKH FDWDO\VW  ZLOO EH UDSLG DQG VWURQJO\ H[HUJRQLF '*   -
NFDOPRO 
)XUWKHUFDOFXODWLRQVSUREHG WKHHIIHFWRI ,-1
-H[FKDQJHRQ WKHPLJUDWRU\ LQVHUWLRQ
SURFHVV ,-1
-VXEVWLWXWLRQLQ,,JLYHV,1 * NFDOPROLQZKLFKD]LGHLV
QRZ WUDQV WR &2 7KXV ,-1
- H[FKDQJH LV DJDLQ FORVH WR HTXLOLEULXP '*   -	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
65 Alternative isomers of I4(I) are possible, e.g. with CO trans to phosphine and Ph trans to I. However, 
migratory insertion has been shown to be facilitated when the transferring group (here Ph) is trans to a 
highest trans influence co-ligand, i.e. as in I4(I), in which Ph is trans to phosphine. For a related example, 
see: Macgregor, S. A.; Neave, G. W. Organometallics, 2004, 23, 891. 
66 We26 have not attempted to locate transition states for I-/N3- exchange, but have assumed this readily 
occurs under the reaction conditions, as was shown to be the case experimentally for the conversion of 10 
to 14. 
67 We26 also attempted to locate a pathway for C-N bond formation via the direct nucleophilic attack of 
free azide at the benzoyl ligand in 15. Several linear transits were run to probe this possibility, with 
optimizations being run with the water solvent being included in the SCF procedure in order to treat the 
free anionic nucleophile. However, in all cases the approach of azide led to facile formation of a Pd-N3 
bond (with displacement of iodide or one arm of the Xantphos ligand) prior to C-N bond formation. 
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NFDOPRO DOWKRXJK WKH VXEVHTXHQW PLJUDWRU\ LQVHUWLRQ WUDQVLWLRQ VWDWH LV QRZ OHVV
DFFHVVLEOH WKDQ IRU WKH LRGLGHDQDORJXH 760,1* NFDOPROFI760,, DW
NFDOPRO%RWKSURFHVVHV DUHPRUH DFFHVVLEOH WKDQ WKHSUHFHGLQJ RYHUDOO UDWH-
OLPLWLQJ 3K-, R[LGDWLYH DGGLWLRQ DQG VR D SURSRUWLRQ RI WKH FDWDO\VLV FRXOG WKHUHIRUH
SURFHHGWKURXJK,1OHDGLQJWRWKHGLUHFWIRUPDWLRQRIWUDQV- 
 
 
)LJXUH&RPSXWHGUHDFWLRQSURILOHIRUWKHIRUPDWLRQRI>;DQWSKRV3G&2@DQG
3K&21IURP,,1
-5HODWLYHIUHHHQHUJLHVLQZDWHUDUHJLYHQLQNFDOPRO 
 
  
 
)LJXUH&RPSXWHGJHRPHWULHVIRU760,,OHIWDQG765&ULJKW;DQWSKRV3K
JURXSVDUHWUXQFDWHGDWWKHLSVRFDUERQDQGK\GURJHQDWRPVDUHRPLWWHGIRUFODULW\ 
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$]LGRFDUERQ\ODWLRQ0HFKDQLVP$VIROORZVIURPWKHDERYHWKHELJJHVWGUDZEDFN
RIWKH3G-FDWDO\]HGD]LGRFDUERQ\ODWLRQLVLWVLQDSSOLFDELOLW\WRDU\OEURPLGHV%HLQJOHVV
UHDFWLYH WKDQ DU\O LRGLGHV EURPRDUHQHV FDQ EH DFWLYDWHG YLD R[LGDWLYH DGGLWLRQ WR
;DQWSKRV-VWDELOL]HG 3G RQO\ DW HOHYDWHG WHPSHUDWXUHV WKDW DUR\O D]LGHV GR QRW
VXUYLYH )XUWKHUPRUH GLPLQLVKHG VWDELOLW\ FRQVWDQWV RI YDULRXV 3G;DQWSKRV XQLWV
LQYROYHGLQWKHFDWDO\VLVDWKLJKHUWHPSHUDWXUHVIDFLOLWDWHWKH6WDXGLQJHUUHDFWLRQOHDGLQJ
WR FDWDO\VW GHDFWLYDWLRQ DV GHVFULEHG DERYH ,W LV SDUWLFXODUO\ LPSRUWDQW WKDW $U-;
DFWLYDWLRQZLWKSKRVSKLQH-VWDELOL]HG3GWDNHVSODFHZLWKDKLJKHUDFWLYDWLRQEDUULHULQ
WKH SUHVHQFH WKDQ LQ WKH DEVHQFH RI &2 2XU VWXGLHV VKHG QHZ OLJKW RQ WKLV SRRUO\
VWXGLHGDQGXQGHUVWRRGNH\PHFKDQLVWLFIHDWXUHVHHEHORZ 
7KH D]LGRFDUERQ\ODWLRQ UHDFWLRQ RFFXUV XQGHU WULSKDVLF OLTXLG-OLTXLG-JDV FRQGLWLRQV
6FKHPH $VLGH IURPPDVV-WUDQVIHU WKDW FOHDUO\ GHSHQGV RQ VXFK SDUDPHWHUV DV
DJLWDWLRQ UDWH DQG SUHVVXUH WKH UDWH-GHWHUPLQLQJ VWHS RI WKH FDWDO\WLF SURFHVV LV$U-,
DFWLYDWLRQ ZLWK 3G 7KH H[SHULPHQWDO DQG FRPSXWDWLRQDO UHVXOWV REWDLQHG LQ WKH
FXUUHQWZRUNDOORZXVWRDQDO\]HWZRH[WUHPHFDVHVWKHFDWDO\WLFUHDFWLRQLVFDUULHG
RXWZLWK&2LQH[FHVV>3G@>&2@ORRSV$DQG%LQ6FKHPHDQGWKHSURFHVV
RFFXUV XQGHU&2-GHILFLHQW FRQGLWLRQV >3G@! >&2@ ORRSV& DQG' LQ6FKHPH
7KH H[SHULPHQWDOO\ REVHUYHG VORZHU UHDFWLRQ UDWH DW KLJKHU FRQFHQWUDWLRQV RI &2 
VHH DERYH DFFRUGV ZLWK WKH FRPSXWDWLRQDO UHVXOWV 7KH SURKLELWLYHO\ KLJK EDUULHU 
NFDOPRO WR WKH ORVVRIERWKFDUERQ\O OLJDQGV IURP WKH ;DQWSKRV3GPRLHW\
)LJXUHUXOHVRXW$U-,R[LGDWLYHDGGLWLRQWRWKHFDUERQ\O-IUHH3GLQWKHSUHVHQFH
RI &2 LQ H[FHVV 'LVVRFLDWLRQ RI RQO\ RQH &2 IURP >;DQWSKRV3G&2@ KRZHYHU
RFFXUV ZLWK D PXFK ORZHU IUHH HQHUJ\ FRVW RI RQO\  NFDOPRO VXJJHVWLQJ WKDW
>;DQWSKRV3G&2@ LV DFFHVVLEOH ,Q WKH SUHVHQFH RI ODUJHU TXDQWLWLHV RI &2 WKH
HTXLOLEULXPEHWZHHQWKHWZRLVREYLRXVO\VKLIWHGWRWKHXQUHDFWLYHGLFDUERQ\OFRPSOH[
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)XUWKHUPRUH LW KDV EHHQ GHPRQVWUDWHG E\ WKH FDOFXODWLRQV WKDW WKH PRQRFDUERQ\O
>;DQWSKRV3G&2@ FDQ DFWLYDWH WKH 3K-, ERQG ZLWK WKH RYHUDOO EDUULHU RI 
NFDOPRO7KLVLVFRQVLVWHQWZLWKWKHHVWLPDWHGYDOXHǻ*§NFDOPRODW.
IURPWKHH[SHULPHQWDOGDWDIRUR[LGDWLYHDGGLWLRQRI-)&+,WR>;DQWSKRV3G&2@
VHHWKH([SHULPHQWDO6HFWLRQ+RZHYHU>;DQWSKRV3G$U,@ LVQRWRQWKHUHDFWLRQ
FRRUGLQDWH LQ WKLV FDVH DQG WKH SURFHVV LV PHGLDWHG E\ >;DQWSKRV3G&2$U,@
OHDGLQJWR>;DQWSKRV3G&2$U,@DVVKRZQLQ)LJXUHIRU$U 3K7KHUHIRUHLQ
WKHSUHVHQFHRI&2LQH[FHVVWKHUHDFWLRQLVJRYHUQHGE\ORRS%QRW$6FKHPH 
:H GHILQH &2-GHILFLHQW FRQGLWLRQV DV >3G@ § RU ! >&2@ DQG &2 GLIIXVLRQ UDWH LV
VORZHU WKDQ WKDW RI WKH FDWDO\WLF UHDFWLRQ 8QGHU VXFK FRQGLWLRQV ORRSV & DQG '
6FKHPHDUHH[SHFWHGWREHRSHUDWLRQDOVLQFHWKH3GSURGXFHGLQWKHSURGXFW-
IRUPLQJVWHSZRXOGXQGHUJRIDVW$U-,R[LGDWLYHDGGLWLRQEHIRUHWKH&2FRQVXPHGLQWKH
FDWDO\WLFF\FOHLVUHSOHQLVKHGIURPWKHJDVSKDVH:LWK>;DQWSKRV3GGED@DVWKH
UHVWLQJ VWDWH RI WKH 3G IRUP RI WKH DFWLYH FDWDO\VW WKH FRPSXWHG EDUULHU LV 
NFDOPRO VHH DERYH 7KH UHVXOWDQW VWDEOH DQG LVRODEOH LQWHUPHGLDWH
>;DQWSKRV3G3K,@  FDQ WKHQ HLWKHU XQGHUJR FDUERQ\ODWLRQ WR
>;DQWSKRV3G&23K,@ZKHQ&2EHFRPHVDYDLODEOHORRS&RUUHDFWZLWKD]LGH
WR IRUP >;DQWSKRV3G3K1@  ORRS ' 0DVV WUDQVIHU LV LQYROYHG LQ ERWK
SURFHVVHVVLQFHWKH3GFDWDO\VWLVORFDWHGLQWKHRUJDQLFSKDVHWKHD]LGHVRXUFH1D1
LV LQ WKH LPPLVFLEOH DTXHRXV OD\HU DQG &2 LV LQ WKH KHDGVSDFH $OWKRXJK XQGHU
DQK\GURXV FRQGLWLRQV WKH H[SHULPHQWDOO\ REVHUYHG HTXLOLEULXP EHWZHHQ  DQG  LV
VKLIWHG HQWLUHO\ WR WKH ODWWHU68 LQ EHQ]HQH ± DTXHRXV 1D1 ERWK DUH SUHVHQW LQ
FRPSDUDEOH TXDQWLWLHV VHH DERYH +RZHYHU  DQG  H[KLELW GLIIHUHQW UHDFWLYLWLHV
WRZDUG&27KHFRPSXWHGGDWDLQZDWHUVXJJHVW WKDWPLJUDWRU\ LQVHUWLRQRI&2LQWR	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
68 As described above, upon addition of 1 equiv of [Bu4N]N3 to [(Xantphos)Pd(Ph)(I)] (10) in benzene 
[(Xantphos)Pd(Ph)(N3)] (14) is formed quantitatively (31P NMR). This translates into 14:10 > 100, 
considering the sensitivity of the method (ca. 1%). 
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WKH 3G-& ERQG RI  LV ! WLPHV IDVWHU WKDQ WKDW RI  7KLV LQGLFDWHV WKDW LI &2
GLIIXVLRQLQWRWKHRUJDQLFSKDVHLVVORZHUWKDQWKHLRGLGHD]LGHOLJDQGH[FKDQJHRIWKH
WZR ORRSV& DQG' LW LV WKH IRUPHU WKDW ZLOO EH E\ IDU WKH ODUJHVW FRQWULEXWRU WR WKH
RYHUDOOFDWDO\WLFWUDQVIRUPDWLRQ7KHLQIOXHQFHRIWKHDQLRQLFOLJDQG;RQERWKNLQHWLFV
DQG WKHUPRG\QDPLFV RI WKH UHDFWLRQV RI >533G$U;@ ZLWK &2 KDV ORQJ EHHQ
UHFRJQL]HG )RU LQVWDQFH >3K33G$U;@ VSHFLHV XQGHUJR IXOO FRQYHUVLRQ WR WKH
FRUUHVSRQGLQJ >3K33G&2$U;@PRUH UDSLGO\ ZKHQ;   , WKDQ IRU ;   %U IRU D
JLYHQ$U OLJDQG +RZHYHU &2 LQVHUWLRQ LQWR WKH 3G-3K ERQG RI >533G3K&O@ LV
UHYHUVLEOHIRUERWK5 3KDQG&\69 
$VVHHQIURPWKHDERYHWKUHHGLIIHUHQWFDWDO\WLFF\FOHVORRSV%&DQG'LQ6FKHPH
 FDQ JRYHUQ WKH D]LGRFDUERQ\ODWLRQ UHDFWLRQ:LWK &2 LQ H[FHVV LQ WKH RUJDQLF
SKDVH ORRS% LV RSHUDWLRQDO8QGHU&2-GHILFLHQW FRQGLWLRQV ORRSV& DQG WR DPXFK
VPDOOHUH[WHQW'RSHUDWH LQ WKHSURFHVV ,W LVTXLWHSRVVLEOH WKDWXQGHU WKHFRQGLWLRQV
FRQYHQWLRQDOO\XVHGLQWKHFXUUHQWZRUNLH>3G@§>&2@LQWKHRUJDQLFSKDVHDWDWP
VHH DERYH WKH UHDFWLRQ RFFXUV ODUJHO\ YLD WKH& FKDQQHO DW WKH EHJLQQLQJZKHQ WKH
FRQFHQWUDWLRQRIWKHLRGRDUHQHVXEVWUDWHLVKLJKDQGWKHUDWH-OLPLWLQJR[LGDWLYHDGGLWLRQ
LV IDVWHU WKDQ &2 PDVV WUDQVIHU 7KH IRUPDWLRQ RI OHVV UHDFWLYH 3G FDUERQ\OV LV
VNLSSHGLQWKLVZD\DQGDVDUHVXOWLWLVWKHPRUHUHDFWLYH&2-IUHH3GWKDWHIIHFWVWKH
$U-, R[LGDWLYH DGGLWLRQ$V >$U,@ GURSV GXULQJ WKH UHDFWLRQ WKH UDWH RI LWV R[LGDWLYH
DGGLWLRQILUVWEHFRPHVFRPSDUDEOHZLWKDQGHYHQWXDOO\VORZHU WKDQ WKH&2GLIIXVLRQ
UDWHZKLFKLVFRQVWDQW,QRWKHUZRUGVWKHPHFKDQLVPWKDWRSHUDWHVDWWKHEHJLQQLQJRI
WKHUHDFWLRQORRS&LVJUDGXDOO\UHSODFHGZLWKWKHRWKHUKLJKHUEDUULHUFKDQQHOORRS
%3RRUO\HIILFLHQWD]LGHLRGLGHOLJDQGH[FKDQJHLQWKHRUJDQLFVROYHQW±ZDWHUELSKDVLF
V\VWHP HJ VORZ DJLWDWLRQ ZRXOG UHVXOW LQ DFFXPXODWLRQ RI VWDEOH	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
69 Huser, M.; Youinou, M.-T.; Osborn, J. A. Angew. Chem., Int. Ed. Engl. 1989, 28, 1386. 	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>;DQWSKRV3G&23K,@  DQG FRQVHTXHQWO\ KLJKHU FRQFHQWUDWLRQV RI &2 WKXV
IDYRULQJWKHPRUHHQHUJ\GHPDQGLQJFKDQQHOORRS%7KHGLPLQLVKHGUHDFWLYLW\RIDU\O
EURPLGHV SURKLELWV WKH LQWULQVLFDOO\ IDVWHU FDWDO\WLF F\FOHV & DQG ' IURP RSHUDWLRQ
EHFDXVH$U-%UR[LGDWLYHDGGLWLRQWR3GLVFRQVLGHUDEO\VORZHUWKDQ&2PDVVWUDQVIHU
XQGHU WKH VWDQGDUG UHDFWLRQ FRQGLWLRQV 7KH RQO\ PHFKDQLVWLF RSWLRQ OHIW IRU DU\O
EURPLGHVLVORRS%LQYROYLQJWKHOHVVUHDFWLYHIRUPRI3G>;DQWSKRV3G&2@ 
:K\ ;DQWSKRV" 2I QXPHURXV WHUWLDU\ SKRVSKLQHV VFUHHQHG LQ WKH FXUUHQW ZRUN
;DQWSKRVLV WKHRQO\HIILFLHQW OLJDQGIRU WKH3G-FDWDO\]HGD]LGRFDUERQ\ODWLRQUHDFWLRQ
7KH ZHOO-HVWDEOLVKHG UHPDUNDEOH FDWDO\WLF DFWLYLW\ RI ;DQWSKRV-VWDELOL]HG WUDQVLWLRQ
PHWDO FRPSOH[HV LV RIWHQ DWWULEXWHG WR LWV ZLGH ELWH DQJOH ,W KDV EHHQ UHFHQWO\
GHPRQVWUDWHG KRZHYHU WKDW IDFWRUV RWKHU WKDQ WKDWPD\EH LQYROYHG7RXQGHUVWDQG
WKH RULJLQ RI WKH XQLTXHO\ H[FHOOHQW SHUIRUPDQFH RI WKH ;DQWSKRV-3G FDWDO\VW LQ WKH
D]LGRFDUERQ\ODWLRQUHDFWLRQDVHSDUDWHPHFKDQLVWLFVWXG\LVQHHGHGVLPLODUWRWKHRQH
SHUIRUPHGLQWKHFXUUHQWZRUNEXWZLWKDQDORJRXV3GFRPSOH[HVEHDULQJOLJDQGVRWKHU
WKDQ;DQWSKRV 
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&RQFOXVLRQV 
7KHREMHFWLYHVRIWKLVVWXG\KDYHEHHQIXOO\PHW:HKDYHGLVFRYHUHGWKHILUVWDURPDWLF
D]LGRFDUERQ\ODWLRQ UHDFWLRQ WKH IRUPDWLRQRI DUR\O D]LGHV IURPDU\O LRGLGHV &2DQG
1D1 LQ WKHSUHVHQFHRID3GFDWDO\VW7KLV WUDQVIRUPDWLRQ LVYDVWO\PRUHFKDOOHQJLQJ
WKDQ RWKHU +HFN-W\SH 3G-FDWDO\]HG FDUERQ\ODWLRQ UHDFWLRQV EHFDXVH L WKH SURGXFW
$U&21 LV WKHUPDOO\ XQVWDEOH &XUWLXV UHDUUDQJHPHQW XQGHU FRQYHQWLRQDO $U;
FDUERQ\ODWLRQFRQGLWLRQVLLWKH3GFDWDO\VWPD\EHHDVLO\DQGLUUHYHUVLEO\GHDFWLYDWHG
E\ WKH H[FHHGLQJO\ IDFLOH 6WDXGLQJHU UHDFWLRQ RI WKH DUR\O D]LGH SURGXFW ZLWK WKH
VWDELOL]LQJWHUWLDU\SKRVSKLQHOLJDQGDQGLLLWKHD]LGROLJDQGRQ3GPD\UHDFWZLWK&2
WR JLYH LVRF\DQDWHZLWK FRQFRPLWDQW ORVV RI1
5HPDUNDEO\ DOO WKHVH SUREOHPV DUH
REYLDWHG E\ WKH XVH RI WKH XQLTXH 3G-;DQWSKRV FDWDO\WLF V\VWHP WKDW HIIHFWV WKH
WUDQVIRUPDWLRQ LQ RUJDQLF VROYHQW ± +2 ELSKDVLF PHGLD DW URRP WHPSHUDWXUH DQG 
DWPRI&2(IILFLHQWO\FDWDO\]HGE\WKH3G-;DQWSKRVV\VWHPWKHD]LGRFDUERQ\ODWLRQ
UHDFWLRQ KDV D EURDG VFRSH DQG FDQ EH XVHG ZLWK D ZLGH YDULHW\ RI PHWD- DQG SDUD-
VXEVWLWXWHGDU\OLRGLGHV)XQFWLRQDOJURXSVVXFKDVDON\ODONR[\DF\ODONR[\FDUERQ\O
QLWURF\DQRDQGHYHQIRUP\ODUHHDVLO\WROHUDWHG 
7KHFDWDO\VWGHDFWLYDWLRQVWXG\LGHQWLILHG>;DQWSKRV3G,@DVWKHPDLQSURGXFWRI
FDWDO\VWSRLVRQLQJ$VOXFNLO\QRVWUXFWXUDOFKDQJHVWRWKH;DQWSKRVOLJDQGDUHLQYROYHG
LQWKHGHDFWLYDWLRQSURFHVVWKHQRQ-RUJDQRPHWDOOLF3G,,FRPSOH[FDQEHUHGXFHGLQ
VLWXWRFDWDO\WLFDOO\3GWKHUHE\UHJDLQLQJWKHFDWDO\WLFDFWLYLW\7KHLGHQWLILFDWLRQRI
UHDGLO\ DYDLODEOH DQGFKHDS30+6DV WKHSDUWLFXODUO\HIILFLHQW UHGXFLQJDJHQW IRU WKLV
SXUSRVHKDV OHG WR WKHGHYHORSPHQWRI WKHPDUNHGO\ HIILFLHQWSURFHVV HPSOR\LQJRQO\
PRORIUHDGLO\DYDLODEOHDQGHDVLO\DFFHVVLEOHDLU-VWDEOH>;DQWSKRV3G&O@DV
DGGHG FDWDO\VW &URVV-FRXSOLQJ UHDFWLRQV RI KDORDUHQHV HPSOR\LQJ VXFK D ORZ 3G
FDWDO\VWORDGLQJDUHUDUH&RQVLGHULQJWKHDERYH-H[SODLQHGYXOQHUDELOLW\RIWKHUHDFWLRQ
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LW LV WUXO\ UHPDUNDEOH WKDW QHDUO\ TXDQWLWDWLYH FRQYHUVLRQV FDQ EH DFKLHYHGZLWK VXFK
VPDOO TXDQWLWLHVRI WKH FDWDO\VW)XUWKHUPRUH WKH UHDFWLRQH[KLELWV!VHOHFWLYLW\ LI
UXQXQGHURSWLPL]HGFRQGLWLRQV7KHORZFDWDO\VWORDGLQJLQFRPELQDWLRQZLWKWKHKLJK
FRQYHUVLRQDQGVHOHFWLYLW\DOORZWKHVWUDLJKWIRUZDUGDQGVDIHSUHSDUDWLRQRISXUHDUR\O
D]LGHV LQFD-LVRODWHG\LHOGRQD-JVFDOH1RQHWKHOHVV LIDQDUR\OD]LGH LV
GHVLUHGIRUIXUWKHUWUDQVIRUPDWLRQVVXFKDVWRWKHFRUUHVSRQGLQJLVRF\DQDWHEHQ]DPLGH
LPLQRSKRVSKRUDQHHWF WKRVHUHDFWLRQVPD\EHSHUIRUPHGLQVLWXZLWKRXW LVRODWLRQRI
WKHRULJLQDOO\SURGXFHG$U&216FKHPH 
/LNH DQ\ RWKHU FDWDO\WLF SURFHVV WKH D]LGRFDUERQ\ODWLRQ UHDFWLRQ KDV OLPLWDWLRQV
)LUVWLWLVLQDSSOLFDEOHWRDU\OEURPLGHVWKDWDUHDFWLYDWHGE\3GDWWHPSHUDWXUHVWKDW
SURPSWWKHUHDUUDQJHPHQWRIWKHDUR\OD]LGHSURGXFWDQGLWVUHDFWLRQZLWKWKHVWDELOL]LQJ
SKRVSKLQH OLJDQG ZKLFK OHDGV WR FDWDO\VW GHDFWLYDWLRQ 6HFRQG RUWKR-VXEVWLWXWHG
LRGRDUHQHV ZKHQ D]LGRFDUERQ\ODWHG JLYH ULVH WR WKH FRUUHVSRQGLQJ$U&21 WKDW DUH
LQQDWHO\ OHVVVWDEOH WRZDUG WKH&XUWLXV UHDUUDQJHPHQW ,QFHUWDLQFDVHV WKHUHDFWLRQRI
RUWKR-VXEVWLWXWHG VXEVWUDWHV FDQ SURGXFH WKH FRUUHVSRQGLQJ V\PPHWULF XUHDV LQ JRRG
\LHOG6FKHPH 
$GHWDLOHGPHFKDQLVWLFVWXG\RIWKHD]LGRFDUERQ\ODWLRQUHDFWLRQE\H[SHULPHQWDODQG
FRPSXWDWLRQDOPHDQVKDVVKRZQWKDW WZRPDLQ UHDFWLRQSDWKZD\VFDQRSHUDWH LQ WKH
SURFHVV 2[LGDWLYH DGGLWLRQ RI WKH$U-, ERQG WR 3G LV WKH UDWH-GHWHUPLQLQJ VWHS RI
ERWK URXWHV ,Q WKH SUHVHQFH RI &2 LQ H[FHVV WKH$U-, ERQG LV DFWLYDWHG E\ WKH OHVV
HOHFWURQ-ULFK 3G FHQWHU RI DPL[HG FDUERQ\O SKRVSKLQH FRPSOH[8QGHU&2-GHILFLHQW
FRQGLWLRQV D ORZHU HQHUJ\ EDUULHU SDWKZD\ LV IROORZHG LQYROYLQJ $U-, R[LGDWLYH
DGGLWLRQ WR D PRUH UHDFWLYH FDUERQ\O-IUHH ;DQWSKRV-VWDELOL]HG 3G VSHFLHV 0DVV
WUDQVIHU LQ WKH WULSKDVLF OLTXLG-OLTXLG-JDV V\VWHP XVHG LQ WKH FXUUHQW ZRUN SOD\V DQ
LPSRUWDQW UROH LQ WKH FRPSHWLWLRQ EHWZHHQ WKHVH WZR PHFKDQLVWLF URXWHV XQLIRUPO\
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OHDGLQJ WR D FRPPRQ DUR\O D]LGR LQWHUPHGLDWH WKDW XQGHUJRHV $U&2-1 UHGXFWLYH
HOLPLQDWLRQ 
,W LV KRSHG WKDW WKH QRYHO D]LGRFDUERQ\ODWLRQ UHDFWLRQZLOO ILQG DSSOLFDWLRQV LQ WKH
V\QWKHVLV RI VRPH RWKHUZLVH SRRUO\ DFFHVVLEOH DUR\O D]LGHV VXFK DV S WKDW EHDUV D
IRUP\OJURXSRQ WKHULQJ:HDOVREHOLHYH WKDW WKHSUHYLRXVO\XQDYDLODEOHPHFKDQLVWLF
LQIRUPDWLRQREWDLQHGLQRXUZRUNZLOOEHRIKHOSLQWKHGHVLJQDQGRSWLPL]DWLRQRIRWKHU
3G-FDWDO\]HGFDUERQ\ODWLRQUHDFWLRQVRIDURPDWLFHOHFWURSKLOHV ,W LVDOVRZRUWKWRQRWH
WKDW WKH GHYHORSHG D]LGRFDUERQ\ODWLRQ UHDFWLRQ LV SRWHQWLDOO\ VXLWDEOH IRU VXFK
DSSOLFDWLRQV DV &2 VHQVLQJ70 DQG & UDGLRODEHOLQJ 7KH & SRVLWURQ HPLVVLRQ
WRPRJUDSK\3(7LVDSRZHUIXOGLDJQRVWLFWRRO WKDWFXUUHQWO\HPSOR\V &2
&+,
DQG &2 SUHFXUVRUV IRU WKH SUHSDUDWLRQ RI UDGLRWUDFHUV71 7KH VKRUW OLIHWLPH RI WKH 
&LVRWRSHWò PLQGLFWDWHVWKHQHHGIRUKLJKO\HIILFLHQWDQGVHOHFWLYHRUJDQLF
WUDQVIRUPDWLRQV WKDW SURGXFH WKH GHVLUHG &-FRQWDLQLQJ SURGXFW ZLWKLQ FD  PLQ 
3G-FDWDO\]HGFDUERQ\ODWLRQUHDFWLRQVKDYHEHHQXVHGWRSURGXFH&-ODEHOHGDOGHK\GHV
NHWRQHV FDUER[\OLF DFLGV DQG WKHLU GHULYDWLYHV72 ,W LV EHOLHYHG WKDW WKH
D]LGRFDUERQ\ODWLRQ UHDFWLRQ PD\ ILQG DSSOLFDWLRQV LQ & 3(7 FRQVLGHULQJ L WKH
DSSURSULDWHWLPHVFDOHVHHWKH([SHULPHQWDO6HFWLRQLLWKHIDFWWKDWDUR\OD]LGHVDUH
KLJKO\ UHDFWLYH DQG YHUVDWLOH UHDJHQWV LQ V\QWKHVLV 6FKHPH  DQG LLL WKH
GHPRQVWUDWHGSRVVLELOLW\WRXVHWKH$U&21SURGXFWIRUIXUWKHUWUDQVIRUPDWLRQVZLWKRXW
LVRODWLRQ6FKHPH 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
70 Yan, T.; Chen, J.; Wu, S.; Mao, Z.; Liu, Z. Org. Lett. 2014, 16, 3296. 
71 For a general review of 11C-labeling, see: Antoni, G.; Kihlberg, T.; Långström, B. In: Handbook of 
Nuclear Chemistry, 2nd Ed., Vol. 4; Vértes, A.; Nagy, S.; Klencsár, Z.; Lovas, R. G.; Rösch, F., Eds.; 
Springer: Dordrecht, 2011, p. 1977. 
72 For recent examples of Pd-catalyzed carbonylation reactions with 11CO, see: (a) Kealey, S.; Plisson, C.; 
Collier, T. L.; Long, N. J.; Husbands, S. M.; Martarello, L.; Gee, A. D. Org. Biomol. Chem. 2011, 9, 
3313. (b) Eriksson, J.; van den Hoek, J.; Windhorst, A. D. J. Labelled Compd. Radiopharm. 2012, 55, 
223. (c) Takashima-Hirano, M.; Ishii, H.; Suzuki, M. ACS Med. Chem. Lett. 2012, 3, 804. (d) Dahl, K.; 
Schou, M.; Amini, N.; Halldin, C. Eur. J. Org. Chem. 2013, 1228. 
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([SHULPHQWDO6HFWLRQ 
&DXWLRQ FDUH VKRXOG EH H[HUFLVHG ZKHQ KDQGOLQJ D]LGH GHULYDWLYHV WKDW PD\ EH
SRWHQWLDOO\ H[SORVLYH ([SRVLQJ SKRVSKLQH-IUHH SDOODGLXP FRPSRXQGV WR D VRXUFH RI
D]LGH PXVW EH DYRLGHG LQ RUGHU WR HOLPLQDWH WKH ULVN RI JHQHUDWLQJ KLJKO\ H[SORVLYH
VKRFN-VHQVLWLYHPDWHULDOV$UR\OD]LGHVSXUHRULQVROXWLRQVKRXOGQRWEHH[SRVHGWR
WHPSHUDWXUHVH[FHHGLQJR&WRDYRLGGHFRPSRVLWLRQYLDWKH&XUWLXVUHDUUDQJHPHQW 
 
*HQHUDO FRQVLGHUDWLRQ $OO FKHPLFDOV ZHUH SXUFKDVHG IURP$OGULFK $OID$HVDU
7&, 'HXWHUR DQG 3UHVVXUH &KHPLFDO FRPSDQLHV %HQ]HQH WROXHQH 7+)
GLFKORURPHWKDQH KH[DQHV SHQWDQH DQG RWKHU VROYHQWV ZHUH XVHG DV UHFHLYHG XQOHVV
RWKHUZLVH QRWHG $QK\GURXV R[\JHQ-IUHH EHQ]HQH EHQ]HQH-G WROXHQH 7+) DQG
KH[DQHVIRUPHFKDQLVWLFVWXGLHVZHUHREWDLQHGE\GLVWLOODWLRQIURP1D2&3K&'&O
DQG&'&OZHUHYDFXXP-WUDQVIHUUHGIURP&D+$OOVROYHQWVIRUH[SHULPHQWVLQDQLQHUW
DWPRVSKHUH ZHUH VWRUHG RYHU IUHVKO\ DFWLYDWHG  c PROHFXODU VLHYHV LQ D JORYHER[
&ROXPQFKURPDWRJUDSK\ZDVSHUIRUPHGRQ$VLOLFDJHO-PL-3U-;DQWSKRV73
3GGED
E>3K33G3K%U@
74>;DQWSKRV3G3K,@>;DQWSKRV3G3K%U@
>;DQWSKRV3G&O@ā&+&O
75ZHUHSUHSDUHGE\WKHOLWHUDWXUHSURFHGXUHV+)3
DQG & 105 VSHFWUD ZHUH UHFRUGHG RQ %UXNHU$YDQFH  8OWUDVKLHOG DQG %UXNHU
$YDQFH  8OWUDVKLHOG 105 VSHFWURPHWHUV 6LQJOH FU\VWDO ;-UD\ GLIIUDFWLRQ VWXGLHV
ZHUH SHUIRUPHG RQ D %UXNHU-1RQLXV GLIIUDFWRPHWHU DQG D %UXNHU$SH[ '82.DSSD 
-D[LV JRQLRPHWHUV HTXLSSHG ZLWK $33(;  . &&' DUHD GHWHFWRUV $Q $JLOHQW
7HFKQRORJLHV $-& LQVWUXPHQW ZDV XVHG IRU *&-06 DQDO\VLV )7-,5
PHDVXUHPHQWV LQ VROXWLRQZHUH SHUIRUPHGZLWK D7KHUPR1LFROHW )7-,5 1H[XV	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
73 Asensio, G.; Cuenca, A. B.; Esteruelas, M. A.; Medio-Simón, M.; Oliván, M.; Valencia, M. Inorg. 
Chem. 2010, 49, 8665. 
74 Grushin, V. V. Organometallics 2000, 19, 1888. 
75 Johns, A. M.; Utsunomiya, M.; Incarvito, C. D.; Hartwig, J. F. J. Am. Chem. Soc. 2006, 128, 1828.	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VSHFWURPHWHU HTXLSSHG ZLWK D '/D7*6 GHWHFWRU DQG D .%U EHDPVSOLWWHU DW  FP-
UHVROXWLRQ$%UXNHU2SWLFV)7,5$OSKDVSHFWURPHWHUZLWKD'7*6GHWHFWRUDQGD.%U
EHDPVSOLWWHU DW  FP- UHVROXWLRQZDVXVHG IRU)7-,5PHDVXUHPHQWVRI VROLG VDPSOHV
(OHPHQWDO DQDO\VHV ZHUH SHUIRUPHG E\ WKH0LFURDQDO\VLV &HQWHU DW WKH &RPSOXWHQVH
8QLYHUVLW\RI0DGULG 
 
([SHULPHQWDO 3URFHGXUHV IRU7DEOH $ -P/ IODVN HTXLSSHGZLWK D7HIORQ-
FRDWHGPDJQHWLFVWLUEDUZDVFKDUJHGLQDLUZLWK1D1PJPPRODQGDOODLU-
VWDEOH FRPSRQHQWV DQG DGGLWLYHV VXFK DV3GGED 3G2$F GSSI GSSH GSSS GSSE
;DQWSKRV '3(SKRV -%,1$3 DQG =Q 7KH IODVN ZDV WKHQ EURXJKW WR D JORYHER[
ZKHUH DOO DLU-VHQVLWLYH FRPSRQHQWV ZHUH DGGHG DORQJ ZLWK LRGREHQ]HQH  PJ 
PPRO DQG ULJRURXVO\ DQK\GURXV7+) P/7KH IODVNZDV VHDOHGZLWK D UXEEHU
VHSWXP EURXJKW RXW RI WKH JORYHER[ TXLFNO\ HYDFXDWHG WKURXJK D QHHGOH DQG
LPPHGLDWHO\ EDFNILOOHG ZLWK &2 IURP D EDOORRQ VHH 7DEOH  IRU VSHFLILFV 7KH
UHDFWLRQV ZHUH PRQLWRUHG E\ *6-06 DQDO\VLV RI WKH VDPSOHV SUHSDUHG E\ GLOXWLQJ 
P/RIWKHUHDFWLRQPL[WXUHZLWKP/RI&+&O$VFDQEHVHHQIURP7DEOH
E\IDUWKHEHVWUHVXOWVZHUHREWDLQHGXVLQJ;DQWSKRVDVWKHVWDELOL]LQJOLJDQG 
 
([SHULPHQWDO 3URFHGXUHV IRU7DEOH $ -P/ IODVN HTXLSSHGZLWK D7HIORQ-
FRDWHG VWLU EDUZDV FKDUJHG LQ DLUZLWK1D1 D 3G FDWDO\VW SUHFXUVRU;DQWSKRV DQ
DGGLWLYH RSWLRQDOO\ DQG EURXJKW WR D JORYHER[ ZKHUH -IOXRURLRGREHQ]HQH DQG DOO
VROYHQWVH[FHSWZDWHUZHUHDGGHG7KHIODVNZDVVHDOHGZLWKDUXEEHUVHSWXPEURXJKW
RXWTXLFNO\HYDFXDWHG WKURXJKDQHHGOHDQGEDFNILOOHGZLWK&2IURPDEDOORRQ:LWK
WKH &2 EDOORRQ VWLOO DWWDFKHG WKH IODVN ZDV FRQQHFWHG WR D -P/ JUDGXDWHG JODVV
V\ULQJHZLWKVLOLFRQHRLO-OXEULFDWHGSOXQJHU$IWHUWKHV\ULQJHZDVSXUJHGZLWK&2IURP
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WKHEDOORRQîP/DQGILOOHGXSZLWK&2WKHEDOORRQZDVGLVFRQQHFWHGIURPWKH
IODVN'HJDVVHGZDWHUZDV DGGHGYLD V\ULQJH RSWLRQDOO\ VHH7DEOH7KH UHDFWLRQ
ZDVSHUIRUPHGDWYLJRURXVVWLUULQJDQGPRQLWRUHGE\)105)RU)105DQDO\VLV
 P/ RI WKH UHDFWLRQ PL[WXUH ZDV GLOXWHG ZLWK  P/ RI 7+) 7KH \LHOG DQG
FRQYHUVLRQZHUHFDOFXODWHGDVSHUFHQWDJHRIWKHLQWHJUDOLQWHQVLW\RIWKHSHDNVIURPWKH
SURGXFWį-SSPDQGIURPWKHVWDUWLQJPDWHULDOį-SSPUHVSHFWLYHO\LQ
WKHRYHUDOOVXPRILQWHJUDOVIRUDOOSHDNVLQWKHVSHFWUXP 
 
$]LGRFDUERQ\ODWLRQRI$U,ZLWKPRORI;DQWSKRV-3GGEDFDWDO\VW 
3UHSDUDWLRQ RI WKH FDWDO\VW $ PL[WXUH RI 3GGED  PJ  PPRO 3G
;DQWSKRV  PJ  PPRO DQG DQK\GURXV R[\JHQ-IUHH 7+)  P/ ZDV VWLUUHG
XQGHU DUJRQ IRU PLQ7KH UHVXOWDQW FDWDO\VW VROXWLRQZDV XVHG IRU WKH UHDFWLRQV DV
GHVFULEHGEHORZ 
 
([SHULPHQWDO3URFHGXUHVIRU7DEOH*HQHUDOSURFHGXUH,QDLUD-P/IODVN
FRQWDLQLQJDPDJQHWLFVWLUEDUZDVFKDUJHGZLWK1D1PJPPRODQLRGRDUHQH
PPRO7+) P/ KH[DQH P/ DQG GHLRQL]HGZDWHU P/7KH IODVNZDV
VHDOHGZLWKDUXEEHUVHSWXPGHJDVVHGE\WKHIUHH]H-SXPS-WKDZPHWKRGDQGEDFNILOOHG
ZLWK&2WRDWP$IWHUD&2-ILOOHG-P/JUDGXDWHGJODVVV\ULQJHZLWKDVLOLFRQH-RLO-
OXEULFDWHGSOXQJHUZDVFRQQHFWHGWRWKHIODVNWKHFDWDO\VWVROXWLRQP/PPRORI
3G  PPRO RI ;DQWSKRV ZDV V\ULQJHG LQ DW YLJRURXV VWLUULQJ 7KH PL[WXUH ZDV
DJLWDWHG DW URRP WHPSHUDWXUH XQWLO &2 FRQVXPSWLRQ FHDVHG DQG VXIILFLHQW FRQYHUVLRQ
ZDVDFKLHYHG*&-06(WKHUP/ZDVDGGHGWKHRUJDQLFSKDVHZDVVHSDUDWHGDQG
WKH DTXHRXV OD\HU ZDV H[WUDFWHG ZLWK HWKHU  î  P/ 7KH FRPELQHG HWKHUHDO
VROXWLRQVZHUH GULHG RYHU0J62 ILOWHUHG DQG HYDSRUDWHG XQGHU UHGXFHG SUHVVXUH DW
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URRP WHPSHUDWXUH 7KH SXUH SURGXFW ZDV LVRODWHG E\ FKURPDWRJUDSK\ RI WKH UHVLGXH
ZLWKKH[DQH-HWKHURUSHQWDQH-HWKHUIRUPRUHYRODWLOHDUR\OD]LGHV 
 
%HQ]R\O D]LGH D ,Q DLU D -P/ IODVN FRQWDLQLQJ D PDJQHWLF VWLU EDU ZDV
FKDUJHGZLWK1D1PJPPRO LRGREHQ]HQHPJPPRO7+)P/
KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHGZLWKDUXEEHUVHSWXP
GHJDVVHG E\ WKH IUHH]H-SXPS-WKDZPHWKRG DQG EDFNILOOHGZLWK&2 WR  DWP$&2-
ILOOHG -P/ JUDGXDWHG JODVV V\ULQJH ZLWK D VLOLFRQH-RLO-OXEULFDWHG SOXQJHU ZDV
FRQQHFWHG WR WKH IODVN7KH FDWDO\VW VROXWLRQ P/ PPRO RI3G PPRO RI
;DQWSKRVZDV V\ULQJHG LQDWYLJRURXV VWLUULQJ&DUERQPRQR[LGHFRQVXPSWLRQEHJDQ
LPPHGLDWHO\$IWHU  K FRQYHUVLRQ RI3K,ZDV REVHUYHG *&-067KHPL[WXUH
ZDV DJLWDWHG IRU RQH PRUH KRXU (WKHU  P/ ZDV DGGHG WKH RUJDQLF SKDVH ZDV
VHSDUDWHGDQGWKHDTXHRXVOD\HUZDVH[WUDFWHGZLWKHWKHUîP/7KHFRPELQHG
HWKHUVROXWLRQVZHUHGULHGRYHU0J62ILOWHUHGDQGHYDSRUDWHGXQGHUUHGXFHGSUHVVXUH
DW URRPWHPSHUDWXUH&ROXPQFKURPDWRJUDSK\RI WKHUHVLGXHZLWKSHQWDQH±HWKHU 
SURGXFHG EHQ]R\O D]LGH D DV D FRORUOHVV RLO WKDW FU\VWDOOL]HG RQ VWDQGLQJ LQ D
UHIULJHUDWRU DW  R&7KH \LHOGZDV PJ PS - & OLW - & 
+1050+]&'&OįP+P+P+
&105
0+]&'&Oį 
 
-0HWK\OEHQ]R\OD]LGH E ,QDLUD-P/IODVNFRQWDLQLQJDPDJQHWLFVWLUEDU
ZDV FKDUJHG ZLWK 1D1 PJ  PPRO -LRGRWROXHQH PJ  PPRO 7+) 
P/KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHGZLWKDUXEEHU
VHSWXPGHJDVVHGE\WKHIUHH]H-SXPS-WKDZPHWKRGEDFNILOOHGZLWK&2WRDWPDQG
SODFHGLQDSUHKHDWHGRLOEDWKDW&$&2-ILOOHG-P/JUDGXDWHGJODVVV\ULQJHZLWK
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D VLOLFRQH-RLO-OXEULFDWHG SOXQJHUZDV FRQQHFWHG WR WKH IODVN DQG WKH FDWDO\VW VROXWLRQ 
P/PPRORI3GPPRORI;DQWSKRVZDVV\ULQJHGLQDWYLJRURXVVWLUULQJ
&DUERQPRQR[LGHFRQVXPSWLRQEHJDQLPPHGLDWHO\$IWHUPLQ!FRQYHUVLRQRI
-LRGRWROXHQHZDVREVHUYHG *&-067KHPL[WXUHZDV VWLUUHG DW  & IRUPRUH
PLQXWHV(WKHU P/ZDVDGGHG WKHRUJDQLFSKDVHZDVVHSDUDWHGDQG WKHDTXHRXV
OD\HUZDVH[WUDFWHGZLWKHWKHU îP/7KHFRPELQHGHWKHU VROXWLRQVZHUHGULHG
RYHU 0J62 ILOWHUHG DQG HYDSRUDWHG XQGHU UHGXFHG SUHVVXUH DW URRP WHPSHUDWXUH
&ROXPQ FKURPDWRJUDSK\ RI WKH UHVLGXH ZLWK KH[DQH±HWKHU  SURGXFHG 
-PHWK\OEHQ]R\OD]LGHEDVDFRORUOHVVRLOWKDWFU\VWDOOL]HGRQVWDQGLQJLQDUHIULJHUDWRU
DW  R& 7KH \LHOG ZDV  PJ  PS - & OLW - & + 105 
 0+] &'&O į  V + 0H  P +  P +
& 105 
0+]&'&Oį 
 
-WHUW-%XW\OEHQ]R\OD]LGH F76 ,Q DLU D-P/IODVNFRQWDLQLQJDPDJQHWLF VWLU
EDUZDVFKDUJHGZLWK1D1PJPPRO-WHUW-EXW\O--LRGREHQ]HQHPJ 
PPRO7+)P/KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHG
ZLWKD UXEEHUVHSWXPGHJDVVHGE\ WKHIUHH]H-SXPS-WKDZPHWKRGDQGEDFNILOOHGZLWK
&2WRDWP$&2-ILOOHG-P/JUDGXDWHGJODVVV\ULQJHZLWKDVLOLFRQH-RLO-OXEULFDWHG
SOXQJHUZDVFRQQHFWHGWRWKHIODVN7KHFDWDO\VWVROXWLRQP/PPRORI3G
PPRORI;DQWSKRVZDVV\ULQJHGLQDWYLJRURXVVWLUULQJ&DUERQPRQR[LGHFRQVXPSWLRQ
EHJDQ LPPHGLDWHO\$IWHU  K !  FRQYHUVLRQ RI -WHUW-EXW\O--LRGREHQ]HQHZDV
REVHUYHG *&-067KHPL[WXUHZDV DJLWDWHG IRU RQHPRUH KRXU(WKHU P/ZDV
DGGHGWKHRUJDQLFSKDVHZDVVHSDUDWHGDQGWKHDTXHRXVOD\HUZDVH[WUDFWHGZLWKHWKHU
 î  P/ 7KH FRPELQHG HWKHU VROXWLRQV ZHUH GULHG RYHU 0J62 ILOWHUHG DQG
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
76 Yasuhide, Y.; Yuho, T. J. Am. Chem. Soc. 1957, 79, 5530. 
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HYDSRUDWHGXQGHUUHGXFHGSUHVVXUHDWURRPWHPSHUDWXUH&ROXPQFKURPDWRJUDSK\RIWKH
UHVLGXH ZLWK KH[DQH±HWKHU  SURGXFHG -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-0HWKR[\EHQ]R\OD]LGHG77,QDLUD-P/IODVNFRQWDLQLQJDPDJQHWLFVWLUEDU
ZDV FKDUJHG ZLWK 1D1  PJ  PPRO -LRGRDQLVROH  PJ  PPRO 7+) 
P/KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHGZLWKDUXEEHU
VHSWXPGHJDVVHGE\WKHIUHH]H-SXPS-WKDZPHWKRGEDFNILOOHGZLWK&2WRDWPDQG
SODFHGLQDSUHKHDWHGRLOEDWKDW&$&2-ILOOHG-P/JUDGXDWHGJODVVV\ULQJHZLWK
D VLOLFRQH-RLO-OXEULFDWHG SOXQJHU ZDV FRQQHFWHG WR WKH IODVN DQG WKH FDWDO\VW VROXWLRQ 
P/PPRORI3GPPRORI;DQWSKRVZDVV\ULQJHGLQDWYLJRURXVVWLUULQJ
&DUERQ PRQR[LGH FRQVXPSWLRQ EHJDQ LPPHGLDWHO\ $IWHU  K  FRQYHUVLRQ RI 
-LRGRDQLVROHZDV REVHUYHG *&-067KHPL[WXUHZDV VWLUUHG DW  & IRU PRUH
PLQXWHV(WKHU P/ZDVDGGHG WKHRUJDQLFSKDVHZDVVHSDUDWHGDQG WKHDTXHRXV
OD\HUZDVH[WUDFWHGZLWKHWKHU îP/7KHFRPELQHGHWKHU VROXWLRQVZHUHGULHG
RYHU 0J62 ILOWHUHG DQG HYDSRUDWHG XQGHU UHGXFHG SUHVVXUH DW URRP WHPSHUDWXUH
&ROXPQ FKURPDWRJUDSK\ RI WKH UHVLGXH ZLWK KH[DQH±HWKHU  SURGXFHG 
-PHWKR[\EHQ]R\O D]LGH G DV SDOH \HOORZ PLFURFU\VWDOOLQH VROLG 7KH \LHOG ZDV 
 PJ FRQWDLQHG  RI 3K&21 FDOFXODWHG DW  PJ RI SXUH G 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-1LWUREHQ]R\OD]LGHH,QDLUD-P/IODVNFRQWDLQLQJDPDJQHWLFVWLUEDUZDV
FKDUJHGZLWK1D1 PJ PPRO -QLWURLRGREHQ]HQH PJ PPRO7+) 
P/KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHGZLWKDUXEEHU
VHSWXPGHJDVVHGE\WKHIUHH]H-SXPS-WKDZPHWKRGDQGEDFNILOOHGZLWK&2WRDWP$
&2-ILOOHG -P/ JUDGXDWHG JODVV V\ULQJH ZLWK D VLOLFRQH-RLO-OXEULFDWHG SOXQJHU ZDV
FRQQHFWHG WR WKH IODVN7KH FDWDO\VW VROXWLRQ P/ PPRO RI3G PPRO RI
;DQWSKRV ZDV V\ULQJHG LQ DW YLJRURXV VWLUULQJ$IWHU  PLQ !  FRQYHUVLRQ RI 
-QLWURLRGREHQ]HQH ZDV REVHUYHG *&-06 7KH PL[WXUH ZDV DJLWDWHG IRU  PRUH
PLQXWHV(WKHU P/ZDV DGGHG WKHRUJDQLF SKDVHZDV VHSDUDWHG DQG WKHDTXHRXV
OD\HUZDVH[WUDFWHGZLWKHWKHU îP/7KHFRPELQHGHWKHU VROXWLRQVZHUHGULHG
RYHU 0J62 ILOWHUHG DQG HYDSRUDWHG XQGHU UHGXFHG SUHVVXUH DW URRP WHPSHUDWXUH
&ROXPQ FKURPDWRJUDSK\ RI WKH UHVLGXH ZLWK KH[DQH±HWKHU  SURGXFHG 
-QLWUREHQ]R\OD]LGHH DVZKLWHFU\VWDOOLQH VROLG7KH \LHOGZDVPJ PS
-&OLW-&+1050+]&'&OįP+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-$FHW\OEHQ]R\OD]LGHI78,QDLUD-P/IODVNFRQWDLQLQJDPDJQHWLFVWLUEDUZDV
FKDUJHGZLWK1D1 PJPPRO -LRGRDFHWRSKHQRQH PJPPRO7+) 
P/KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHGZLWKDUXEEHU
VHSWXPGHJDVVHGE\WKHIUHH]H-SXPS-WKDZPHWKRGDQGEDFNILOOHGZLWK&2WRDWP$
&2-ILOOHG -P/ JUDGXDWHG JODVV V\ULQJH ZLWK D VLOLFRQH-RLO-OXEULFDWHG SOXQJHU ZDV
FRQQHFWHG WR WKH IODVN7KH FDWDO\VW VROXWLRQ P/ PPRO RI3G PPRO RI
;DQWSKRVZDVV\ULQJHGLQDWYLJRURXVVWLUULQJ&DUERQPRQR[LGHFRQVXPSWLRQEHJDQ
LPPHGLDWHO\$IWHU  PLQ !  FRQYHUVLRQ RI -LRGRDFHWRSKHQRQH ZDV REVHUYHG
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*&-067KHPL[WXUHZDVDJLWDWHGIRUPRUHPLQXWHV(WKHUP/ZDVDGGHGWKH
RUJDQLF SKDVH ZDV VHSDUDWHG DQG WKH DTXHRXV OD\HU ZDV H[WUDFWHG ZLWK HWKHU 
 î  P/ 7KH FRPELQHG HWKHU VROXWLRQV ZHUH GULHG RYHU 0J62 ILOWHUHG DQG
HYDSRUDWHGXQGHUUHGXFHGSUHVVXUHDWURRPWHPSHUDWXUH&ROXPQFKURPDWRJUDSK\RIWKH
UHVLGXH ZLWK KH[DQH±HWKHU  SURGXFHG  PJ RI D \HOORZ VROLG WKDW FRQWDLQHG
GLEHQ]\OLGHQHDFHWRQH+105PPRORUFDPJ7KH\LHOGZDVWKHUHIRUH
FDOFXODWHG IRU PJRI WKH SURGXFW7R UHPRYH WKH GED WKH VROLGZDVZDVKHGZLWK
KH[DQHîP/$IWHUGU\LQJPJRISXUH-DFHW\OEHQ]R\OD]LGHIZHUH
REWDLQHG DV D SDOH \HOORZ VROLG ZLWK PS - & OLW - &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(WK\O-D]LGRFDUERQ\OEHQ]RDWHJ,QDLUD-P/IODVNFRQWDLQLQJDPDJQHWLF
VWLU EDU ZDV FKDUJHG ZLWK 1D1  PJ  PPRO HWK\O -LRGREHQ]RDWH  PJ 
PPRO7+)P/KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHG
ZLWKD UXEEHUVHSWXPGHJDVVHGE\ WKHIUHH]H-SXPS-WKDZPHWKRGDQGEDFNILOOHGZLWK
&2WRDWP$&2-ILOOHG-P/JUDGXDWHGJODVVV\ULQJHZLWKDVLOLFRQH-RLO-OXEULFDWHG
SOXQJHUZDVFRQQHFWHGWRWKHIODVN7KHFDWDO\VWVROXWLRQP/PPRORI3G
PPRORI;DQWSKRVZDVV\ULQJHGLQDWYLJRURXVVWLUULQJ$IWHUK!FRQYHUVLRQRI
HWK\O -LRGREHQ]RDWHZDV REVHUYHG *&-067KHPL[WXUHZDV DJLWDWHG IRU PRUH
PLQXWHV(WKHU P/ZDVDGGHG7KHRUJDQLFSKDVHZDVVHSDUDWHGDQG WKHDTXHRXV
OD\HUZDVH[WUDFWHGZLWKHWKHU îP/7KHFRPELQHGHWKHU VROXWLRQVZHUHGULHG
RYHU 0J62 ILOWHUHG DQG HYDSRUDWHG XQGHU UHGXFHG SUHVVXUH DW URRP WHPSHUDWXUH
&ROXPQ FKURPDWRJUDSK\ RI WKH UHVLGXH ZLWK KH[DQH±HWKHU  SURGXFHG HWK\O 
-D]LGRFDUERQ\OEHQ]RDWH J DV D ZKLWH VROLG 7KH \LHOG ZDV  PJ  
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-&\DQREHQ]R\O D]LGH K79 ,Q DLU D -P/ IODVN FRQWDLQLQJ DPDJQHWLF VWLU EDU
ZDVFKDUJHGZLWK1D1PJPPRO-LRGREHQ]RQLWULOHPJPPRO7+)
P/KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHGZLWKDUXEEHU
VHSWXPGHJDVVHGE\WKHIUHH]H-SXPS-WKDZPHWKRGDQGEDFNILOOHGZLWK&2WRDWP$
&2-ILOOHG -P/ JUDGXDWHG JODVV V\ULQJH ZLWK D VLOLFRQH-RLO-OXEULFDWHG SOXQJHU ZDV
FRQQHFWHG WR WKH IODVN7KH FDWDO\VW VROXWLRQ P/ PPRO RI3G PPRO RI
;DQWSKRV ZDV V\ULQJHG LQ DW YLJRURXV VWLUULQJ $IWHU  PLQ  FRQYHUVLRQ RI 
-LRGREHQ]RQLWULOH ZDV REVHUYHG *&-06 7KH PL[WXUH ZDV DJLWDWHG IRU  PRUH
KRXUV(WKHUP/ZDVDGGHGWKHRUJDQLFSKDVHZDVVHSDUDWHGDQGWKHDTXHRXVOD\HU
ZDV H[WUDFWHGZLWK HWKHU îP/7KHFRPELQHGHWKHU VROXWLRQVZHUHGULHGRYHU
0J62ILOWHUHGDQGHYDSRUDWHGXQGHUUHGXFHGSUHVVXUHDWURRPWHPSHUDWXUH&ROXPQ
FKURPDWRJUDSK\ RI WKH UHVLGXH ZLWK KH[DQH±HWKHU  SURGXFHG  PJ RI K
FRQWDPLQDWHGZLWKGLEHQ]\OLGHQHDFHWRQH+105PPROFDPJ7KHUHIRUH
WKH\LHOGZDVFDOFXODWHGIRUPJRIWKHSURGXFW7RUHPRYHWKHGEDLPSXULW\WKH
VROLGZDVZDVKHGZLWKKH[DQHîP/$IWHUGU\LQJSXUH-F\DQREHQ]R\OD]LGHK
ZDV REWDLQHG DV D ZKLWH VROLG LQ WKH DPRXQW RI  PJ  PS - & 
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-7ULIOXRURPHWK\OEHQ]R\OD]LGHL,QDLUD-P/IODVNFRQWDLQLQJDPDJQHWLF
VWLUEDUZDVFKDUJHGZLWK1D1PJPPRO-LRGR--WULIOXRURPHWK\OEHQ]HQH
PJPPRO7+)P/KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVN
ZDV VHDOHG ZLWK D UXEEHU VHSWXP GHJDVVHG E\ WKH IUHH]H-SXPS-WKDZ PHWKRG DQG
EDFNILOOHGZLWK&2WRDWP$&2-ILOOHG-P/JUDGXDWHGJODVVV\ULQJHZLWKDVLOLFRQH-
RLO-OXEULFDWHG SOXQJHU ZDV FRQQHFWHG WR WKH IODVN 7KH FDWDO\VW VROXWLRQ  P/ 
PPRORI3GPPRORI;DQWSKRVZDV V\ULQJHG LQDWYLJRURXV VWLUULQJ$IWHUK
 FRQYHUVLRQ RI -LRGR--WULIOXRURPHWK\OEHQ]HQH ZDV REVHUYHG *&-06 7KH
PL[WXUHZDVDJLWDWHGIRURQHPRUHKRXU(WKHUP/ZDVDGGHG7KHRUJDQLFSKDVH
ZDV VHSDUDWHG DQG WKH DTXHRXV OD\HU ZDV H[WUDFWHG ZLWK HWKHU  î  P/ 7KH
FRPELQHG HWKHU VROXWLRQV ZHUH GULHG RYHU 0J62 ILOWHUHG DQG HYDSRUDWHG XQGHU
UHGXFHG SUHVVXUH DW URRP WHPSHUDWXUH &ROXPQ FKURPDWRJUDSK\ RI WKH UHVLGXH ZLWK
SHQWDQH±HWKHUSURGXFHG-WULIOXRURPHWK\OEHQ]R\OD]LGHLDVDFRORUOHVVOLTXLG
7KH \LHOG ZDV 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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-)OXRUREHQ]R\O D]LGH M ,Q DLU D -P/ IODVN FRQWDLQLQJ DPDJQHWLF VWLU EDU
ZDVFKDUJHGZLWK1D1PJPPRO-IOXRUR--LRGREHQ]HQHPJPPRO
7+)P/KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHGZLWKD
UXEEHUVHSWXPGHJDVVHGE\WKHIUHH]H-SXPS-WKDZPHWKRGDQGEDFNILOOHGZLWK&2WR
DWP$&2-ILOOHG-P/JUDGXDWHGJODVV V\ULQJHZLWKD VLOLFRQH-RLO-OXEULFDWHGSOXQJHU
ZDVFRQQHFWHGWRWKHIODVN7KHFDWDO\VWVROXWLRQP/PPRORI3GPPRORI
;DQWSKRVZDVV\ULQJHGLQDWYLJRURXVVWLUULQJ$IWHUKFRQYHUVLRQRI-IOXRUR--
LRGREHQ]HQH ZDV REVHUYHG *&-06 7KH PL[WXUH ZDV DJLWDWHG IRU RQH PRUH KRXU
(WKHU P/ZDVDGGHGDQG WKHRUJDQLFSKDVHZDV VHSDUDWHGDQG WKHDTXHRXV OD\HU
ZDV H[WUDFWHGZLWK HWKHU îP/7KHFRPELQHGHWKHU VROXWLRQVZHUHGULHGRYHU
0J62ILOWHUHGDQGHYDSRUDWHGXQGHUUHGXFHGSUHVVXUHDWURRPWHPSHUDWXUH&ROXPQ
FKURPDWRJUDSK\RIWKHUHVLGXHZLWKSHQWDQH-HWKHUSURGXFHG-IOXRUREHQ]R\OD]LGH
MDVFRORUOHVVRLO7KH\LHOGZDVPJ+1050+]&'&Oį
P+P+&1050+]&'&OįG- +]FKHPLFDO
VKLIWV IRU  SHDNV    G-   +]  G -   +] FKHPLFDO
VKLIWV IRU  SHDNV    G -   +] FKHPLFDO VKLIWV IRU  SHDNV
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)1050+]&'&Oį- 
 
-&KORUREHQ]R\OD]LGH N ,QDLU D-P/IODVNFRQWDLQLQJDPDJQHWLF VWLUEDU
ZDV FKDUJHG ZLWK 1D1  PJ  PPRO -FKORUR--LRGREHQ]HQH  PJ 
PPRO7+)P/KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHG
ZLWKD UXEEHUVHSWXPGHJDVVHGE\ WKHIUHH]H-SXPS-WKDZPHWKRGDQGEDFNILOOHGZLWK
&2WRDWP$&2-ILOOHG-P/JUDGXDWHGJODVVV\ULQJHZLWKDVLOLFRQH-RLO-OXEULFDWHG
SOXQJHUZDVFRQQHFWHGWRWKHIODVN7KHFDWDO\VWVROXWLRQP/PPRORI3G
PPRORI;DQWSKRVZDVV\ULQJHGLQDWYLJRURXVVWLUULQJ$IWHUPLQFRQYHUVLRQ
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RI -FKORUR--LRGREHQ]HQHZDV REVHUYHG *&-067KHPL[WXUHZDV DJLWDWHG IRU RQH
PRUHKRXU(WKHUP/ZDVDGGHGWKHRUJDQLFSKDVHZDVVHSDUDWHGDQGWKHDTXHRXV
OD\HUZDVH[WUDFWHGZLWKHWKHU îP/7KHFRPELQHGHWKHU VROXWLRQVZHUHGULHG
RYHU 0J62 ILOWHUHG DQG HYDSRUDWHG XQGHU UHGXFHG SUHVVXUH DW URRP WHPSHUDWXUH
&ROXPQ FKURPDWRJUDSK\ RI WKH UHVLGXH ZLWK KH[DQH±HWKHU  SURGXFHG 
-FKORUREHQ]R\O D]LGH N DV DZKLWH FU\VWDOOLQH VROLG7KH \LHOG ZDV PJ 
PS-&OLW-&+1050+]&'&OįP+P
+&1050+]&'&Oį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 
 
-%URPREHQ]R\O D]LGH O ,Q DLU D -P/ IODVN FRQWDLQLQJ DPDJQHWLF VWLU EDU
ZDVFKDUJHGZLWK1D1PJPPRO-EURPR--LRGREHQ]HQHPJPPRO
7+)P/KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHGZLWKD
UXEEHUVHSWXPGHJDVVHGE\ WKH IUHH]H-SXPS-WKDZPHWKRGDQGEDFNILOOHGZLWK&2WR 
DWP$&2-ILOOHG-P/JUDGXDWHGJODVVV\ULQJHZLWKDVLOLFRQH-RLO-OXEULFDWHGSOXQJHU
ZDVFRQQHFWHGWRWKHIODVN7KHFDWDO\VWVROXWLRQP/PPRORI3GPPRORI
;DQWSKRV ZDV V\ULQJHG LQ DW YLJRURXV VWLUULQJ$IWHU  PLQ !  FRQYHUVLRQ RI 
-EURPR--LRGREHQ]HQHZDVREVHUYHG*&-067KHPL[WXUHZDVDJLWDWHGIRUPRUH
PLQXWHV(WKHU P/ZDV DGGHG WKHRUJDQLF SKDVHZDV VHSDUDWHG DQG WKHDTXHRXV
OD\HUZDVH[WUDFWHGZLWKHWKHU îP/7KHFRPELQHGHWKHU VROXWLRQVZHUHGULHG
RYHU 0J62 ILOWHUHG DQG HYDSRUDWHG XQGHU UHGXFHG SUHVVXUH DW URRP WHPSHUDWXUH
&ROXPQ FKURPDWRJUDSK\ RI WKH UHVLGXH ZLWK KH[DQH±HWKHU  SURGXFHG 
-EURPREHQ]R\OD]LGHODVDZKLWHVROLG7KH\LHOGZDVPJPS-&
OLW  & +105 0+]&'&O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  P+ 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
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7HUHSKWKDOR\OD]LGHP80,QDLUD-P/IODVNFRQWDLQLQJDPDJQHWLFVWLUEDUZDV
FKDUJHGZLWK1D1 PJ PPRO -GLLRGREHQ]HQH PJ PPRO7+) 
P/KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHGZLWKDUXEEHU
VHSWXPGHJDVVHGE\WKHIUHH]H-SXPS-WKDZPHWKRGDQGEDFNILOOHGZLWK&2WRDWP$
&2-ILOOHG -P/ JUDGXDWHG JODVV V\ULQJH ZLWK D VLOLFRQH-RLO-OXEULFDWHG SOXQJHU ZDV
FRQQHFWHG WR WKH IODVN7KH FDWDO\VW VROXWLRQ P/ PPRO RI3G PPRO RI
;DQWSKRVZDVV\ULQJHGLQDWYLJRURXVVWLUULQJ7KHV\ULQJHZDVUHILOOHGZLWK&2DIWHU
 P/ RI &2 KDG EHHQ FRQVXPHG $IWHU  PLQ !  FRQYHUVLRQ RI 
-GLLRGREHQ]HQH ZDV REVHUYHG *&-06 7KH PL[WXUH ZDV DJLWDWHG IRU  PRUH
PLQXWHV(WKHU P/ZDV DGGHG WKHRUJDQLF SKDVHZDV VHSDUDWHG DQG WKHDTXHRXV
OD\HUZDVH[WUDFWHGZLWKHWKHU îP/7KHFRPELQHGHWKHU VROXWLRQVZHUHGULHG
RYHU 0J62 ILOWHUHG DQG HYDSRUDWHG XQGHU UHGXFHG SUHVVXUH DW URRP WHPSHUDWXUH
&ROXPQFKURPDWRJUDSK\RIWKHUHVLGXHZLWKKH[DQH±HWKHUSURGXFHGPJRID
\HOORZ VROLG WKDW FRQWDLQHG GLEHQ]\OLGHQHDFHWRQH +105 PPRO PJ 7KH
\LHOGZDVWKHUHIRUHFDOFXODWHGIRUPJRIWKHSURGXFW:DVKLQJRIWKHVROLGZLWK
KH[DQHîP/IROORZHGE\GU\LQJSURGXFHGSXUHWHUHSKWKDOR\OD]LGHPDVZKLWH
VROLG  PJ  PS  & OLW - & + 105 0+] &'&O 
įV+&1050+]&'&Oį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-0HWK\OEHQ]R\OD]LGH Q ,QDLUD-P/IODVNFRQWDLQLQJDPDJQHWLFVWLUEDU
ZDV FKDUJHG ZLWK 1D1 PJ  PPRO -LRGRWROXHQH PJ  PPRO 7+) 
P/KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHGZLWKDUXEEHU
VHSWXPGHJDVVHGE\WKHIUHH]H-SXPS-WKDZPHWKRGDQGEDFNILOOHGZLWK&2WRDWP$
&2-ILOOHG -P/ JUDGXDWHG JODVV V\ULQJH ZLWK D VLOLFRQH-RLO-OXEULFDWHG SOXQJHU ZDV	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FRQQHFWHG WR WKH IODVN7KH FDWDO\VW VROXWLRQ P/ PPRO RI3G PPRO RI
;DQWSKRV ZDV V\ULQJHG LQ DW YLJRURXV VWLUULQJ $IWHU  K ! FRQYHUVLRQ RI 
-LRGRWROXHQHZDVREVHUYHG*&-067KHPL[WXUHZDVDJLWDWHGIRUPRUHPLQXWHV
(WKHUP/ZDVDGGHG WKHRUJDQLFSKDVHZDVVHSDUDWHGDQGWKHDTXHRXVOD\HUZDV
H[WUDFWHGZLWKHWKHUîP/7KHFRPELQHGHWKHUVROXWLRQVZHUHGULHGRYHU0J62
ILOWHUHG DQG HYDSRUDWHG XQGHU UHGXFHG SUHVVXUH DW URRP WHPSHUDWXUH &ROXPQ
FKURPDWRJUDSK\RIWKHUHVLGXHZLWKKH[DQH±HWKHUSURGXFHG-PHWK\OEHQ]R\OD]LGH
QDVDFRORUOHVVRLO7KH\LHOGZDVPJ+1050+]&'&Oį
V +0H  P +  P + - P + & 105 0+]
&'&Oį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-0HWKR[\EHQ]R\OD]LGHR81,QDLUD-P/IODVNFRQWDLQLQJDPDJQHWLFVWLUEDU
ZDV FKDUJHG ZLWK 1D1  PJ  PPRO -LRGRDQLVROH  PJ  PPRO 7+) 
P/KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHGZLWKDUXEEHU
VHSWXPGHJDVVHGE\WKHIUHH]H-SXPS-WKDZPHWKRGDQGEDFNILOOHGZLWK&2WRDWP$
&2-ILOOHG -P/ JUDGXDWHG JODVV V\ULQJH ZLWK D VLOLFRQH-RLO-OXEULFDWHG SOXQJHU ZDV
FRQQHFWHG WR WKH IODVN7KH FDWDO\VW VROXWLRQ P/ PPRO RI3G PPRO RI
;DQWSKRV ZDV V\ULQJHG LQ DW YLJRURXV VWLUULQJ $IWHU  K  FRQYHUVLRQ RI 
-LRGRDQLVROHZDVREVHUYHG*&-067KHPL[WXUHZDVDJLWDWHGIRUPRUHPLQXWHV
(WKHUP/ZDVDGGHG WKHRUJDQLFSKDVHZDVVHSDUDWHGDQGWKHDTXHRXVOD\HUZDV
H[WUDFWHGZLWKHWKHUîP/7KHFRPELQHGHWKHUVROXWLRQVZHUHGULHGRYHU0J62
ILOWHUHG DQG HYDSRUDWHG XQGHU UHGXFHG SUHVVXUH DW URRP WHPSHUDWXUH &ROXPQ
FKURPDWRJUDSK\ RI WKH UHVLGXH ZLWK KH[DQH±HWKHU  SURGXFHG -PHWKR[\EHQ]R\O
D]LGHRDVD\HOORZRLO7KH\LHOGZDVPJ  +1050+]&'&O 
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-)RUP\OEHQ]R\O D]LGH S ,Q DLU D -P/ IODVN FRQWDLQLQJ DPDJQHWLF VWLU EDU
ZDV FKDUJHGZLWK1D1 PJ PPRO -LRGREHQ]DOGHK\GH PJ PPRO
7+)P/KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHGZLWKD
UXEEHUVHSWXPGHJDVVHGE\ WKH IUHH]H-SXPS-WKDZPHWKRGDQGEDFNILOOHGZLWK&2WR 
DWP$&2-ILOOHG-P/JUDGXDWHGJODVVV\ULQJHZLWKDVLOLFRQH-RLO-OXEULFDWHGSOXQJHU
ZDVFRQQHFWHGWRWKHIODVN7KHFDWDO\VWVROXWLRQP/PPRORI3GPPRORI
;DQWSKRV ZDV V\ULQJHG LQ DW YLJRURXV VWLUULQJ$IWHU  PLQ !  FRQYHUVLRQ RI 
-LRGREHQ]DOGHK\GH ZDV REVHUYHG *&-06 7KH PL[WXUH ZDV DJLWDWHG IRU  PRUH
PLQXWHV(WKHU P/ZDV DGGHG WKHRUJDQLF SKDVHZDV VHSDUDWHG DQG WKHDTXHRXV
OD\HUZDVH[WUDFWHGZLWKHWKHU îP/7KHFRPELQHGHWKHU VROXWLRQVZHUHGULHG
RYHU 0J62 ILOWHUHG DQG HYDSRUDWHG XQGHU UHGXFHG SUHVVXUH DW URRP WHPSHUDWXUH
&ROXPQFKURPDWRJUDSK\RIWKHUHVLGXHZLWKKH[DQH±HWKHUSURGXFHGPJRIS
DVD\HOORZVROLGFRQWDLQLQJGLEHQ]\OLGHQHDFHWRQH+105PPROPJ7KH
\LHOGZDV WKHUHIRUHFDOFXODWHG IRUPJRI WKHSURGXFW7KHVROLGZDVZDVKHG
ZLWKKH[DQHîP/DQGGULHGWRJLYHSXUHGED-IUHH-IRUP\OEHQ]R\OD]LGHSDVD
SDOH \HOORZ VROLG  PJ  PS - & $QDO &DOFG IRU &+12  
&+1)RXQG&+11FRQWHQWRXWVLGHWKHUDQJHRI
WKHPHWKRG+1050+]&'&OįP+P+P+
P+V+&2+&1050+]&'&Oį
,5QHDWFP-
 
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7KLRSKHQH--FDUERQ\OD]LGHT,QDLUD-P/IODVNFRQWDLQLQJDPDJQHWLFVWLU
EDUZDV FKDUJHGZLWK1D1 PJ PPRO -LRGRWKLRSKHQH PJ PPRO
7+)P/KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHGZLWKD
UXEEHU VHSWXP GHJDVVHG E\ WKH IUHH]H-SXPS-WKDZ PHWKRG EDFNILOOHG ZLWK &2 WR 
DWPDQGSODFHGLQDSUHKHDWHGRLOEDWKDW&$&2-ILOOHG-P/JUDGXDWHGJODVV
V\ULQJH ZLWK D VLOLFRQH-RLO-OXEULFDWHG SOXQJHU ZDV FRQQHFWHG WR WKH IODVN DQG WKH
FDWDO\VWVROXWLRQP/PPRORI3GPPRORI;DQWSKRVZDVV\ULQJHGLQDW
YLJRURXV VWLUULQJ$IWHU PLQ !  FRQYHUVLRQ RI -LRGRWKLRSKHQH ZDV REVHUYHG
*&-067KHPL[WXUHZDV VWLUUHGDW & IRUPRUHPLQXWHV(WKHU P/ZDV
DGGHGWKHRUJDQLFSKDVHZDVVHSDUDWHGDQGWKHDTXHRXVOD\HUZDVH[WUDFWHGZLWKHWKHU
 î  P/ 7KH FRPELQHG HWKHU VROXWLRQV ZHUH GULHG RYHU 0J62 ILOWHUHG DQG
HYDSRUDWHGXQGHUUHGXFHGSUHVVXUHDWURRPWHPSHUDWXUH&ROXPQFKURPDWRJUDSK\RIWKH
UHVLGXHZLWK KH[DQH±HWKHU  SURGXFHG WKLRSKHQH--FDUERQ\O D]LGH T DV RII-ZKLWH
FU\VWDOOLQHVROLG7KH\LHOGZDVPJPS-&OLW-&+105
0+]&'&OįP+P+P+
&1050+]
&'&Oį 
 
1LFRWLQR\O D]LGH U ,Q DLU D -P/ IODVN FRQWDLQLQJ D PDJQHWLF VWLU EDU ZDV
FKDUJHGZLWK1D1PJPPRO-LRGRS\ULGLQHPJPPRO7+)P/
KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHGZLWKDUXEEHUVHSWXP
GHJDVVHG E\ WKH IUHH]H-SXPS-WKDZPHWKRG DQG EDFNILOOHGZLWK&2 WR  DWP$&2-
ILOOHG -P/ JUDGXDWHG JODVV V\ULQJH ZLWK D VLOLFRQH-RLO-OXEULFDWHG SOXQJHU ZDV
FRQQHFWHG WR WKH IODVN7KH FDWDO\VW VROXWLRQ P/ PPRO RI3G PPRO RI
;DQWSKRV ZDV V\ULQJHG LQ DW YLJRURXV VWLUULQJ $IWHU  PLQ  FRQYHUVLRQ RI 
-LRGRS\ULGLQHZDVREVHUYHG*&-067KHPL[WXUHZDVDJLWDWHGIRUPRUHPLQXWHV
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(WKHUP/ZDVDGGHG WKHRUJDQLFSKDVHZDVVHSDUDWHGDQGWKHDTXHRXVOD\HUZDV
H[WUDFWHGZLWKHWKHUîP/7KHFRPELQHGHWKHUVROXWLRQVZHUHGULHGRYHU0J62
ILOWHUHG DQG HYDSRUDWHG XQGHU UHGXFHG SUHVVXUH DW URRP WHPSHUDWXUH &ROXPQ
FKURPDWRJUDSK\ RI WKH UHVLGXH ZLWK KH[DQH±HWKHU  SURGXFHG D UHGGLVK VROLG 
PJFRQWDPLQDWHGZLWK3G7KHVROLGZDVUHGLVVROYHG LQP/RIKH[DQH-HWKHU
DQGWKHVROXWLRQILOWHUHGWKURXJKDSDGRI&HOLWH(YDSRUDWLRQRIWKHVROYHQWVJDYH
U DV DQRUDQJH VROLG PJ\LHOGPS- & OLW - & +105
 0+] &'&O į  P +  P +  P +  P + 
&1050+]&'&Oį 
 
([SHULPHQWDO3URFHGXUHVIRU6FKHPH-'LQDSKWKDOHQ--\OXUHDD82,Q
DLU D -P/ IODVN FRQWDLQLQJ D PDJQHWLF VWLU EDU ZDV FKDUJHG ZLWK 1D1  PJ 
 PPRO -LRGRQDSKWDOHQH  PJ  PPRO 7+)  P/ KH[DQH  P/ DQG
GHLRQL]HGZDWHU P/7KH IODVNZDV VHDOHGZLWK D UXEEHU VHSWXPGHJDVVHGE\ WKH
IUHH]H-SXPS-WKDZPHWKRGEDFNILOOHGZLWK&2WRDWPDQGSODFHGLQDSUHKHDWHGRLO
EDWKDW&$&2-ILOOHG-P/JUDGXDWHGJODVVV\ULQJHZLWKDVLOLFRQH-RLO-OXEULFDWHG
SOXQJHUZDVFRQQHFWHGWRWKHIODVNDQGWKHFDWDO\VWVROXWLRQP/PPRORI3G
PPRO RI ;DQWSKRV ZDV V\ULQJHG LQ DW YLJRURXV VWLUULQJ$IWHU  K WKH UHDFWLRQ
PL[WXUHZDVDOORZHGWRFRROHGWRURRPWHPSHUDWXUHDQGILOWHUHG7KHVROLGRQWKHILOWHU
ZDVZDVKHGZLWKGLFKORURPHWKDQHîP/ZDWHUîP/DQGHWKDQROî
P/DQGGULHGWRSURGXFHDDVDQRII-ZKLWHPLFURFU\VWDOOLQHVROLG7KH\LHOGZDV
PJPS& GHF OLW& +1050+]'062-Gį-
P+G- +]+G- +]+G- +]
+V+1+&1050+]'062-Gį
 	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-%LV-PHWKR[\SKHQ\OXUHD E83 ,Q DLU D-P/IODVN FRQWDLQLQJDPDJQHWLF
VWLUEDUZDVFKDUJHGZLWK1D1PJPPRO-LRGRQDQLVROHPJPPRO
7+)P/KH[DQHP/DQGGHLRQL]HGZDWHUP/7KHIODVNZDVVHDOHGZLWKD
UXEEHU VHSWXP GHJDVVHG E\ WKH IUHH]H-SXPS-WKDZ PHWKRG EDFNILOOHG ZLWK &2 WR 
DWPDQGSODFHGLQDSUHKHDWHGRLOEDWKDW&$&2-ILOOHG-P/JUDGXDWHGJODVV
V\ULQJH ZLWK D VLOLFRQH-RLO-OXEULFDWHG SOXQJHU ZDV FRQQHFWHG WR WKH IODVN DQG WKH
FDWDO\VWVROXWLRQP/PPRORI3GPPRORI;DQWSKRVZDVV\ULQJHGLQDW
YLJRURXV VWLUULQJ 7KHPL[WXUH ZDV VWLUUHG DW  & IRU  KRXUV DQG FRROHG WR URRP
WHPSHUDWXUH (WKHU  P/ ZDV DGGHG WKH RUJDQLF SKDVH ZDV VHSDUDWHG DQG WKH
DTXHRXVOD\HUZDVH[WUDFWHGZLWKHWKHUîP/7KHFRPELQHGHWKHUVROXWLRQVZHUH
GULHG RYHU 0J62 ILOWHUHG DQG HYDSRUDWHG XQGHU UHGXFHG SUHVVXUH &ROXPQ
FKURPDWRJUDSK\ RI WKH UHVLGXH ZLWK KH[DQH±HWKHU  SURGXFHG  PJ RI 
-ELV-PHWKR[\SKHQ\OXUHDEDVDSLQNLVKVROLGRIFDSXULW\+105ZLWK
PS-&OLW& +1050+]&'&OįV+20H
 P + - P +  EU V + 1+  P + & 105 
0+]&'&Oį 
 
([SHULPHQWDO 3URFHGXUHV IRU 6FKHPH  -)OXRUREHQ]DPLGH 84 ,Q DLU D 
-P/IODVNFRQWDLQLQJDPDJQHWLFVWLUEDUZDVFKDUJHGZLWK1D1PJPPRO
-IOXRUR--LRGREHQ]HQHPJPPRO30+6PJHTXLYEHQ]RWULIOXRULGH
PJPPROLQWHUQDOVWDQGDUGIRU)1057+)P/DQGGHLRQL]HGZDWHU
/7KH IODVNZDV VHDOHGZLWK D UXEEHU VHSWXP GHJDVVHG E\ WKH IUHH]H-SXPS-
WKDZPHWKRGEDFNILOOHGZLWK&2WRDWPDQGSODFHGLQDSUHKHDWHGRLOEDWKDW&
$&2-ILOOHG-P/JUDGXDWHGJODVV V\ULQJHZLWK D VLOLFRQH-RLO-OXEULFDWHGSOXQJHUZDV	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84 Ramon, S. ; Bosson, J.; Diez-Gonzalez, S.; Marion, N.; Nolan, S. P. J. Org. Chem. 2010, 75, 1197. 
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FRQQHFWHGWRWKHIODVNDQGWKHFDWDO\VWVROXWLRQP/PPRORI3GPPRORI
;DQWSKRVZDV V\ULQJHG LQ DW YLJRURXV VWLUULQJ7KHPL[WXUHZDV VWLUUHG DW  & IRU 
KRXUVDQGFRROHGWRURRPWHPSHUDWXUH4XDQWLWDWLYH)105DQDO\VLVRIWKHUHDFWLRQ
PL[WXUH LQGLFDWHG WKH IRUPDWLRQ RI -IOXRUREHQ]DPLGH  LQ  \LHOG ) 105 
 0+] 7+) į - OLW - '062-G 7KH IRUPDWLRQ RI  ZDV DOVR
FRQILUPHGE\*&-06 
 
-)OXRUR-1-WULSKHQ\OSKRVSKRUDQ\OLGHQHEHQ]DPLGH 85 ,Q DLU D -P/ IODVN
FRQWDLQLQJ D PDJQHWLF VWLU EDU ZDV FKDUJHG ZLWK 1D1  PJ  PPRO 
-IOXRUR--LRGREHQ]HQH  PJ  PPRO EHQ]RWULIOXRULGH  PJ  PPRO
LQWHUQDO VWDQGDUG IRU ) 105 7+)  P/ KH[DQH  P/ DQG GHLRQL]HG ZDWHU 
P/7KHIODVNZDVVHDOHGZLWKDUXEEHUVHSWXPGHJDVVHGE\WKHIUHH]H-SXPS-WKDZ
PHWKRGDQGEDFNILOOHGZLWK&2WRDWP$&2-ILOOHG-P/JUDGXDWHGJODVVV\ULQJH
ZLWK D VLOLFRQH-RLO-OXEULFDWHG SOXQJHU ZDV FRQQHFWHG WR WKH IODVN DQG WKH FDWDO\VW
VROXWLRQP/PPRORI3GPPRORI;DQWSKRVZDVV\ULQJHGLQDWYLJRURXV
VWLUULQJ7KHPL[WXUHZDVDJLWDWHGIRUKRXU7KHIODVNZDVXQVHDOHGDQG33KPJ
PPROZDVDGGHGWRWKHJHQHUDWHGVROXWLRQRI-IOXRUREHQ]R\OD]LGH7KLVPL[WXUH
ZDV VWLUUHG IRU  K DQG DQDO\]HG E\ 105 4XDQWLWDWLYH ) 105 DQDO\VLV RI WKH
UHDFWLRQPL[WXUHLQGLFDWHGWKHIRUPDWLRQRILQ\LHOG)1050+]7+)
į - 3^+` 105  0+] 7+) į  OLW  ,Q DQ LQGHSHQGHQW
H[SHULPHQWLVRODWHG-IOXRUREHQ]R\OD]LGHZDVWUHDWHGZLWK33KLQ7+)WRJLYHWKDW
GLVSOD\HGLGHQWLFDO)DQG3105SDUDPHWHUV 
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-)OXRUR--LVRF\DQREHQ]HQH86 ,QDLUD-P/IODVNFRQWDLQLQJDPDJQHWLFVWLU
EDU ZDV FKDUJHG ZLWK 1D1 PJ  PPRO -IOXRUR--LRGREHQ]HQH PJ 
PPROEHQ]RWULIOXRULGHPJPPRO LQWHUQDOVWDQGDUGIRU )105WROXHQH
 P/ DQG GHLRQL]HG ZDWHU  P/ 7KH IODVN ZDV VHDOHG ZLWK D UXEEHU VHSWXP
GHJDVVHG E\ WKH IUHH]H-SXPS-WKDZ PHWKRG DQG EDFNILOOHG ZLWK &2 WR  DWP $ 
&2-ILOOHG -P/ JUDGXDWHG JODVV V\ULQJH ZLWK D VLOLFRQH-RLO-OXEULFDWHG SOXQJHU ZDV
FRQQHFWHGWRWKHIODVNDQGWKHFDWDO\VWVROXWLRQLQWROXHQHP/PPRORI3G
PPRO RI ;DQWSKRV ZDV V\ULQJHG LQ DW YLJRURXV VWLUULQJ 7KH FDWDO\VW VROXWLRQ ZDV
SUHSDUHGDVGHVFULEHGRQSDJHH[FHSWWROXHQHP/ZDVXVHGDVWKHVROYHQW7KH
PL[WXUHZDVDJLWDWHG IRUK WKHRUJDQLFSKDVHZDVVHSDUDWHGDQG WKHDTXHRXVSKDVH
ZDV ZDVKHG ZLWK WROXHQH  î  P/ 7KH FRPELQHG WROXHQH VROXWLRQV ZHUH ILOWHUHG
WKURXJKDSDGRIDQK\GURXV0J62$IWHUWKHILOWUDWHZDVNHSWXQGHUUHIOX[IRUKRXUV
LQDLU)105DQDO\VLVLQGLFDWHGWKHIRUPDWLRQRI-IOXRURSKHQ\OLVRF\DQDWHLQ
\LHOG)1050+]WROXHQHį-OLW-LQ&+&17KHIRUPDWLRQ
RIZDVDOVRFRQILUPHGE\*&-06 
 
$]LGRFDUERQ\ODWLRQ RI DU\O LRGLGHV LQ WKH SUHVHQFH RI 30+6  PRO 3G
7DEOH*HQHUDOSURFHGXUH$-P/URXQG-ERWWRPIODVNHTXLSSHGZLWKDJDVLQOHW
DQG D 7HIORQ-FRDWHG PDJQHWLF VWLU EDU ZDV FKDUJHG LQ DLU ZLWK DQ LRGRDUHQH 
 PPRO 1D1  J  PPRO >;DQWSKRV3G&O@ā&+&O   PJ 
PRO.&2PJPRODQGZDWHUP/$IWHUWZRIUHH]H-SXPS-WKDZ
F\FOHVWKHIODVNZDVEDFNILOOHGZLWK&2DQGFRQQHFWHGWRD&2EDOORRQYLDD-PP
GLDPHWHU VWDLQOHVV VWHHO V\ULQJH QHHGOH $W YLJRURXV VWLUULQJ D VROXWLRQ RI 30+6 
PJPROLQR[\JHQ-IUHH7+)ZDVV\ULQJHGLQDQGWKHPL[WXUHZDVDJLWDWHG
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DW URRP WHPSHUDWXUH$IWHU *&-06 DQDO\VLV RI WKH RUJDQLF SKDVH LQGLFDWHG -
FRQYHUVLRQRI WKHLRGRDUHQH WKHSURGXFWZDVLVRODWHGDQGSXULILHGLQDLU7KHUHDFWLRQ
PL[WXUH ZDV GLOXWHG ZLWK HWKHU  P/ DQG WUDQVIHUUHG WR D VHSDUDWRU\ IXQQHO 7KH
UHDFWLRQIODVNZDVULQVHGZLWKHWKHUîP/DQGZDWHUP/DQGWKHZDVKLQJV
ZHUHDGGHGWRWKHVHSDUDWRU\IXQQHO$IWHUVKDNLQJWKHRUJDQLFSKDVHZDVVHSDUDWHGDQG
WKHDTXHRXVSKDVHZDVZDVKHGZLWK(W2îP/7KHFRPELQHGH[WUDFWDQGWKH
ZDVKLQJVZHUHGULHGRYHU0J62ILOWHUHGDQGURWDU\-HYDSRUDWHGDWURRPWHPSHUDWXUH
6LOLFD JHO FROXPQ FKURPDWRJUDSK\ RI WKH UHVLGXH JDYH WKH SXUH SURGXFW 
+105*&-06 
 
%HQ]R\O D]LGH D $]LGRFDUERQ\ODWLRQ RI LRGREHQ]HQH  J E\ WKH JHQHUDO
SURFHGXUHXVLQJDVROXWLRQRI30+6LQ7+)P/JDYH!FRQYHUVLRQDIWHUK
3HQWDQH-HWKHUYYZDVXVHGIRULVRODWLRQE\FROXPQFKURPDWRJUDSK\$IWHUVROYHQW
UHPRYDODQGGU\LQJRQDURWDU\HYDSRUDWRUPEDUIRUKWKHQPEDUIRUK
DZDVREWDLQHGDVDFRORUOHVVRLOWKDWFU\VWDOOL]HGRQVWDQGLQJDWR&7KH\LHOGZDV
J 
 
-0HWK\OEHQ]R\O D]LGH E$]LGRFDUERQ\ODWLRQ RI -LRGRWROXHQH  J E\ WKH
JHQHUDOSURFHGXUHXVLQJDVROXWLRQRI30+6LQ7+)P/JDYH!FRQYHUVLRQ
DIWHU  K+H[DQH-HWKHU  YYZDV XVHG IRU LVRODWLRQ E\ FROXPQ FKURPDWRJUDSK\
$IWHUVROYHQWUHPRYDODQGGU\LQJRQDURWDU\HYDSRUDWRUEZDVREWDLQHGDVDFRORUOHVV
RLOWKDWFU\VWDOOL]HGRQVWDQGLQJDWR&7KH\LHOGZDVJ 
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-0HWKR[\EHQ]R\OD]LGHG$]LGRFDUERQ\ODWLRQRI-LRGRDQLVROHJE\WKH
JHQHUDO SURFHGXUH XVLQJ D VROXWLRQ RI 30+6 LQ7+) P/ JDYH  FRQYHUVLRQ
DIWHU  K+H[DQH-HWKHU  YYZDV XVHG IRU LVRODWLRQ E\ FROXPQ FKURPDWRJUDSK\
$IWHU VROYHQW UHPRYDO DQGGU\LQJRQ D URWDU\ HYDSRUDWRUGZDVREWDLQHGDV DZKLWH
FU\VWDOOLQHVROLG7KH\LHOGZDVJ 
 
-1LWUREHQ]R\O D]LGH H$]LGRFDUERQ\ODWLRQ RI -QLWURLRGREHQ]HQH  J E\
WKH JHQHUDO SURFHGXUH XVLQJ D VROXWLRQ RI 30+6 LQ 7+)  P/ JDYH !
FRQYHUVLRQ DIWHU  K +H[DQH-HWKHU  YY ZDV XVHG IRU LVRODWLRQ E\ FROXPQ
FKURPDWRJUDSK\ $IWHU VROYHQW UHPRYDO DQG GU\LQJ RQ D URWDU\ HYDSRUDWRU H ZDV
REWDLQHGDVD\HOORZLVKFU\VWDOV7KH\LHOGZDVJ 
 
-$FHW\OEHQ]R\OD]LGHI$]LGRFDUERQ\ODWLRQRI-LRGRDFHWRSKHQRQHJE\
WKH JHQHUDO SURFHGXUH XVLQJ D VROXWLRQ RI 30+6 LQ 7+)  P/ JDYH !
FRQYHUVLRQ DIWHU  K +H[DQH-HWKHU  YY ZDV XVHG IRU LVRODWLRQ E\ FROXPQ
FKURPDWRJUDSK\ $IWHU VROYHQW UHPRYDO DQG GU\LQJ RQ D URWDU\ HYDSRUDWRU I ZDV
REWDLQHGDVZKLWHFU\VWDOV7KH\LHOGZDVJ 
 
(WK\O-D]LGRFDUERQ\OEHQ]RDWHJ$]LGRFDUERQ\ODWLRQRIHWK\O-LRGREHQ]RDWH
JE\WKHJHQHUDOSURFHGXUHXVLQJDVROXWLRQRI30+6LQ7+)P/JDYH
FRQYHUVLRQ DIWHU  K +H[DQH-HWKHU  YY ZDV XVHG IRU LVRODWLRQ E\ FROXPQ
FKURPDWRJUDSK\ $IWHU VROYHQW UHPRYDO DQG GU\LQJ RQ D URWDU\ HYDSRUDWRU J ZDV
REWDLQHGDVZKLWHFU\VWDOV7KH\LHOGZDVJ 
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-)OXRUREHQ]R\OD]LGHM$]LGRFDUERQ\ODWLRQRI-IOXRUR--LRGREHQ]HQHJ
E\ WKH JHQHUDO SURFHGXUH XVLQJ D VROXWLRQ RI 30+6 LQ 7+)  P/ JDYH !
FRQYHUVLRQ DIWHU  K 3HQWDQH-HWKHU  YY ZDV XVHG IRU LVRODWLRQ E\ FROXPQ
FKURPDWRJUDSK\ $IWHU VROYHQW UHPRYDO DQG GU\LQJ  PEDU IRU  K RQ D URWDU\
HYDSRUDWRUMZDVREWDLQHGDVDFRORUOHVVRLO7KH\LHOGZDVJ 
 
-&KORUREHQ]R\O D]LGH N $]LGRFDUERQ\ODWLRQ RI -FKORUR--LRGREHQ]HQH 
 J E\ WKH JHQHUDO SURFHGXUH XVLQJ D VROXWLRQ RI 30+6 LQ7+) P/ JDYH
!FRQYHUVLRQDIWHUK+H[DQH-HWKHUYYZDVXVHGIRULVRODWLRQE\FROXPQ
FKURPDWRJUDSK\ $IWHU VROYHQW UHPRYDO DQG GU\LQJ RQ D URWDU\ HYDSRUDWRU N ZDV
REWDLQHGDVDZKLWHFU\VWDOOLQHVROLG7KH\LHOGZDVJ 
 
-0HWKR[\EHQ]R\OD]LGHR$]LGRFDUERQ\ODWLRQRI-LRGRDQLVROHJE\WKH
JHQHUDOSURFHGXUHXVLQJDVROXWLRQRI30+6LQ7+)P/JDYH!FRQYHUVLRQ
DIWHU  K+H[DQH-HWKHU  YYZDV XVHG IRU LVRODWLRQ E\ FROXPQ FKURPDWRJUDSK\
$IWHUVROYHQWUHPRYDODQGGU\LQJRQDURWDU\HYDSRUDWRURZDVREWDLQHGDVDFRORUOHVV
RLO7KH\LHOGZDVJ 
 
-7KLRSKHQHFDUERQ\O D]LGH T$]LGRFDUERQ\ODWLRQ RI -LRGRWKLRSKHQH  J
E\ WKH JHQHUDO SURFHGXUH XVLQJ D VROXWLRQ RI 30+6 LQ 7+)  P/ JDYH !
FRQYHUVLRQ DIWHU  K 3HQWDQH-HWKHU  YY ZDV XVHG IRU LVRODWLRQ E\ FROXPQ
FKURPDWRJUDSK\ $IWHU VROYHQW UHPRYDO DQG GU\LQJ  PEDU IRU  K RQ D URWDU\
HYDSRUDWRUTZDVREWDLQHGDVDZKLWHVROLG7KH\LHOGZDVJ 
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&DWDO\WLFD]LGRFDUERQ\ODWLRQZLWKHTXLYRI&2,QVLGHDJORYHER[D-P/IODVN
FRQWDLQLQJ D PDJQHWLF VWLU EDU ZDV FKDUJHG ZLWK 1D1  PJ  PPRO 
-IOXRURLRGREHQ]HQHPJPPRO7+)P/DQGKH[DQHP/2XWVLGH
WKHJORYHER[DUJRQ-VDWXUDWHG+2P/ZDVDGGHG7KHIODVNZDVTXLFNO\HYDFXDWHG
DQGFRQQHFWHGWRD-P/JODVVV\ULQJHZLWKDVLOLFRQHRLO-OXEULFDWHGSOXQJHUFRQWDLQLQJ
&2P/PPRODW.7KHDERYH-GHVFULEHGFDWDO\VWVROXWLRQLQ7+)P/
PPRO3GPPRO;DQWSKRVZDVV\ULQJHGLQDWYLJRURXVVWLUULQJ7KH&2IURP
WKH-P/V\ULQJHZDVDEVRUEHGLQPLQ)105DQDO\VLVRIDP/DOLTXRWRIWKH
RUJDQLF SKDVH LQ  P/ RI 7+) LQGLFDWHG  FRQYHUVLRQ WR -IOXRUREHQ]R\O D]LGH 
į-SSP 
 
$]LGRFDUERQ\ODWLRQ XQGHU&2SUHVVXUH  SVL ,QVLGH D JORYHER[ D -P/
)LVKHU-3RUWHU WXEHZDV FKDUJHGZLWK-IOXRURLRGREHQ]HQH PJPPRO7+) 
P/KH[DQHP/DQGP/RIWKHFDWDO\VWVROXWLRQLQ7+)VHHDERYHPPRO
3GPPRO;DQWSKRV7KH WXEHZDV VHDOHG DQGEURXJKWRXWRI WKH JORYHER[$Q
DUJRQ-VDWXUDWHGVROXWLRQRI1D1PJPPROLQZDWHUP/ZDVDGGHGXQGHU
DUJRQ7KHPL[WXUHZDVGHJDVVHGE\WKHIUHH]H-SXPS-WKDZPHWKRGDQGSUHVVXUL]HGZLWK
&2  SVL $IWHU DJLWDWLRQ DW URRP WHPSHUDWXUH IRU  K )105 DQDO\VLV RI WKH
RUJDQLF SKDVH LQGLFDWHG  FRQYHUVLRQ RI -IOXRURLRGREHQ]HQH į - SSP WR 
-IOXRUREHQ]R\OD]LGHį-SSPLQFD\LHOG 
 
6\QWKHVLV&KDUDFWHUL]DWLRQDQG5HDFWLRQVRI3G&RPSOH[HV 
>33K3G3K1@ >33K3G3K%U@  PJ  PPRO ZDV DGGHG WR D
VXVSHQVLRQRI1D1PJPPROHTXLYLQ0H2+P/DQGWKHPL[WXUH
ZDVVRQLFDWHGIRUK0HWKDQROP/ZDVDGGHGDQGWKHOLTXLGSKDVHGHFDQWHGRII
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7R WKH VROLG UHVLGXH ZHUH DGGHG 1D1  PJ  PPRO  HTXLY DQG 0H2+ 
P/DQGWKHPL[WXUHZDVVRQLFDWHGIRUK$JDLQ0H2+P/ZDVDGGHGWKH
VROLG ZDV VHSDUDWHG E\ GHFDQWDWLRQ DQG WKRURXJKO\ H[WUDFWHG ZLWK ZDUP  R&
EHQ]HQH  î  P/ 7KH EHQ]HQH H[WUDFW ZDV ILOWHUHG WKURXJK D VKRUW &HOLWH SOXJ
FRQFHQWUDWHG WR FD  P/ DQG WUHDWHG ZLWK KH[DQHV  P/$IWHU  K WKH ZKLWH
SUHFLSLWDWHZDVVHSDUDWHGDQGGULHGXQGHUYDFXXP7KH\LHOGRI>33K3G3K1@ZDV
PJ7KLVFRPSOH[LVDLU-VWDEOHLQWKHVROLGVWDWHDQGLQVROXWLRQ$QDO&DOFG
IRU&+133G&+1)RXQG&+1
+105
&'&O  0+] G  W + -    +] &+3G  W + -    +]
&+3GP+&+3G-P+33K-P+33K
3^+`105&'&O0+]įV,5QHDWFP
-1;-UD\TXDOLW\
FU\VWDOV RI WUDQV->33K3G3K1@ZHUH REWDLQHG E\ VORZGLIIXVLRQ RI KH[DQH LQWR D
FRQFHQWUDWHG VROXWLRQ RI >33K3G3K1@ LQ FKORURIRUP LQ D -PP105 WXEH7KH
FRPSOH[ FU\VWDOOL]HG LQ WZR SRO\PRUSKLF IRUPV ZKLWH DQG \HOORZ GLVSOD\LQJ HLWKHU
VWDJJHUHG RU HFOLSVHG FRQIRUPDWLRQ DORQJ WKH 3-3G-3 D[LV DV VKRZQ LQ 
)LJXUHVDQG 
 
5HDFWLRQ RI >33K3G3K1@ ZLWK &2 3K, DQG 33K ,QVLGH D JORYHER[ D
PL[WXUHRI>33K3G3K1@PJPPRO33KPJPPRO3K,ȝ/
DQG EHQ]HQH-G P/ZDV SODFHG LQ D -PP105 WXEH DQG VHDOHGZLWK D UXEEHU
VHSWXP$IWHU&2ZDVEXEEOHGWKURXJKWKLVVROXWLRQYLDDV\ULQJHQHHGOHDQGWKHWXEH
ZDVKHDWHGDWR&RLOEDWKIRUPLQXWHVIXOOFRQYHUVLRQRI>33K3G3K1@WR
>33K3G&23K,@ 
3^+`105 V  SSP OLW  SSP DQG 33K 1&23K
3^+`105VSSPOLWSSPLQDPRODUZDVREVHUYHG)LJXUH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3UHSDUDWLRQ RI >;DQWSKRV3G,@  $ PL[WXUH RI >;DQWSKRV3G&O@ā&+&O 
  PJ  PPRO 1D,  PJ  PPRO GHLRQL]HG ZDWHU  P/ DQG
&+&OP/ZDVVWLUUHGLQDLUIRUPLQ7KHGHHSSXUSOHPL[WXUHZDVGLOXWHGZLWK
GHLRQL]HGZDWHUP/DQG&+&OP/7KHRUJDQLFSKDVHZDVVHSDUDWHGDQGWKH
DTXHRXVSKDVHZDVZDVKHGZLWK&+&O îP/7KH FRPELQHGGLFKORURPHWKDQH
SKDVHDQGWKHZDVKLQJVZHUHGULHGRYHU1D62DQGILOWHUHGWKURXJK&HOLWH7KHILOWUDWH
ZDVHYDSRUDWHGWRFDP/WUHDWHGZLWK(W2P/DQGNHSWDW -R&RYHUQLJKW
7KH GDUN SUHFLSLWDWH ZDV VHSDUDWHG ZDVKHG ZLWK (W2  î  P/ DQG GULHG XQGHU
YDFXXP7KH\LHOGRIZDVPJ7KLVFRPSOH[LVDLU-VWDEOHLQWKHVROLGVWDWH
DQGLQVROXWLRQ$QDO&DOFGIRU&+,233G&+)RXQG& 
++105&'&O0+].GEUV+&+-EUP
+3^+`105&'&O0+].įVWUDQV-VFLV-LQD
UDWLR+105&'&O0+].GVWUDQV-&+EUV
FLV- &+  EU P  EU P  W -    +] - P  
W- +]-PZLWKWUDQV-WRFLV-UDWLRFD3^+`105&'&O
0+].įWUDQV-FLV-LQDFDUDWLR+105&'&O
0+] . G  V WUDQV- &+  EU V FLV- &+  EU V  
W- +]GW- DQG+]-PW- +]-
P 3^+`105&'&O0+].įWUDQV-FLV- LQD
UDWLR+105&'&O0+].GV&+FLV-V&+
WUDQV-V&+FLV-PW- +]W- +] 
W -    +]  W -    +] - EUP  W -    +]  
W- +]-PW- +]PW- +]
EUV3^+`105&'&O0+].įWUDQV-FLV-LQDFD
UDWLR;-UD\TXDOLW\VLQJOHFU\VWDOVRIFLV-Â&+&OZHUHREWDLQHGE\ OD\HULQJLWV
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VROXWLRQFDPJLQP/RI&+&OZLWK(W2P/DQGNHHSLQJWKHPL[WXUHDW-
R&IRUGD\V;-UD\TXDOLW\VLQJOHFU\VWDOVRI WUDQV-ZHUHREWDLQHGE\OD\HULQJLWV
VROXWLRQFDPJLQP/RI&+&OZLWK(W2P/DQGNHHSLQJWKHPL[WXUHDW
-R&IRUGD\VVHH)LJXUH 
 
3UHSDUDWLRQDQGWKHUPDOGHFRPSRVLWLRQRI>;DQWSKRV3G1@ &KORURIRUP
HPSOR\HG LQ WKLVSUHSDUDWLRQZDV ILOWHUHG WKURXJKD VKRUW.&2SOXJSULRU WRXVH$
PL[WXUH RI >;DQWSKRV3G&O@ā&+&O   PJ  PPRO 1D1  PJ 
PPRO GHLRQL]HGZDWHU P/ DQG&+&O P/ZDV YLJRURXVO\ VWLUUHG LQ DLU IRU 
PLQ7KH RUDQJH RUJDQLF SKDVHZDV VHSDUDWHG DQG WKH DTXHRXV SKDVHZDV ZDVKHG
ZLWK &+&O  î  P/ 7KH FRPELQHG FKORURIRUP SKDVH DQG WKH ZDVKLQJV ZHUH
HYDSRUDWHGZLWKDIORZRIDUJRQWRFDP/WUHDWHGZLWK(W2P/DQGDWNHSWDW
 R& RYHUQLJKW 7KH RUDQJH QHHGOH FU\VWDOV ZHUH VHSDUDWHG ZDVKHG ZLWK (W2 
îP/DQGGULHGXQGHUYDFXXP7KH\LHOGRIZDVPJ7KLVFRPSOH[LV
DLU-VWDEOH LQ WKH VROLG VWDWH DQG LQ VROXWLRQ $QDO &DOFG IRU &+1233G  
&+1)RXQG&+1+105&'&O0+] 
GIRUPDMRULVRPHUV+&+W+- +]P+
P +  P +  GG -    DQG  +] + 3^+` 105 &'&O 
0+]įVPLQRULVRPHUVPDMRULVRPHU ,5QHDWFP-
 1 ;-UD\ TXDOLW\ VLQJOH FU\VWDOV RI FLV-Â&+&O ZHUH REWDLQHG E\ VORZ
HYDSRUDWLRQ RI LWV&+&O VROXWLRQ )LJXUH $ VROXWLRQ RI >;DQWSKRV3G1@  
PJLQ'0)-G P/ZDVVHDOHGXQGHUDUJRQLQD-PP105WXEH$IWHU WKLV
VROXWLRQZDVKHDWHGDWR&RLOEDWKIRUKQHLWKHUYLVXDOVLJQVRIGHFRPSRVLWLRQ
QRUDQ\FKDQJHVLQWKH3^+`105VSHFWUXPVSSPZHUHREVHUYHG 
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3UHSDUDWLRQRI>;DQWSKRV3G&23K,@,QDJORYHER[DPL[WXUHRI3GGED
PJPPRODQG;DQWSKRVPJPPROLQ7+)P/ZDVVWLUUHGIRU
 K7KH VROXWLRQZDV ILOWHUHG WKURXJK&HOLWH WR UHPRYH VPDOO TXDQWLWLHV RI3G EODFN
,RGREHQ]HQH P/ZDV DGGHG WR WKH ILOWUDWH WKH IODVNZDV VHDOHGZLWK D VHSWXP
EURXJKW RXW TXLFNO\ HYDFXDWHG WKURXJK D V\ULQJH QHHGOH DQG EDFNILOOHG ZLWK &2
6WLUULQJ WKH VROXWLRQ DW URRP WHPSHUDWXUH RYHUQLJKW SURGXFHG D \HOORZ SUHFLSLWDWH
+H[DQH P/ZDVDGGHG LQDLU7KHVROLGZDV VHSDUDWHGE\ ILOWUDWLRQZDVKHGZLWK
HWKHU DQG GULHG XQGHU YDFXXP WR JLYH PJ  RI  DV D7+)PRQR-VROYDWH 
+105$QDO&DOFGIRU&+,233G&+)RXQG&+
+105&'&O0+]GV+&+P+7+)P+
7+) - P + - P + - P + - P +
- P + - P +  GG -   +] -   +] +  
P+3^+`105&'&O0+]į,5QHDWFP
-
&RPSOH[
 LV DLU-VWDEOH LQ WKH VROLG VWDWH EXW GHFRPSRVHV LQ VROXWLRQ$OOPDQLSXODWLRQVZLWK
VROXWLRQVRIZHUHWKHUHIRUHSHUIRUPHGXQGHUDUJRQXVLQJGU\R[\JHQ-IUHHVROYHQWV
;-UD\TXDOLW\FU\VWDOVRIZHUHREWDLQHGE\OD\HULQJDFRQFHQWUDWHG7+)VROXWLRQRI
WKHFRPSOH[ZLWKKH[DQHLQD-PP105WXEHLQVLGHDJORYHER[7KH;-UD\VWUXFWXUH
RIā7+)LVVKRZQLQ)LJXUH 
 
3UHSDUDWLRQ RI >;DQWSKRV3G3K1@  $ PL[WXUH RI >;DQWSKRV3G3K%U@
 PJ  PPRO GLFKORURPHWKDQH  P/ 1D1  PJ  PPRO DQG
GHLRQL]HGZDWHUP/ZDVYLJRURXVO\VWLUUHGIRUK7KHDTXHRXVOD\HUZDVUHPRYHG
E\DSLSHWWHDVROXWLRQRI1D1PJPPROLQZDWHUP/ZDVDGGHGWRWKH
RUJDQLFSKDVH DQG WKHPL[WXUHZDV VWLUUHG IRU K$IWHU WKLVSURFHGXUHZDV UHSHDWHG
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RQHPRUH WLPHWKHRUJDQLFSKDVHZDVVHSDUDWHGZDVKHGZLWKZDWHU îP/GULHG
RYHU1D62HYDSRUDWHGWRFDP/DQGWUHDWHGZLWKHWKHUP/7KHSUHFLSLWDWHG
ZDVVHSDUDWHGZDVKHGZLWKHWKHUîP/DQGGULHGXQGHUYDFXXP7KH\LHOGRI
ZDV PJ $QDO&DOFG IRU&+1233G & + 1 
)RXQG&+1+105&'&O0+]GV+&+
EUV+&+-3G-P+&+-3GEUV+&+-3G-
P+GG- +]- +]+
3^+`105&'&O0+] 
į  &RPSOH[  FU\VWDOOL]HV LQ WZR LVRPRUSKLF IRUPV \HOORZ FXEHV DQG ZKLWH
QHHGOHV %RWK IRUPV ZHUH DQDO\]HG E\ VLQJOH FU\VWDO ;-UD\ GLIIUDFWLRQ 2QO\ RQH
VWUXFWXUHLVSUHVHQWHG)LJXUHEHFDXVHRIWKHSRRUTXDOLW\RIWKHRWKHURQH 
 
5HDFWLRQRI3GGEDZLWK;DQWSKRV ,QVLGHDJORYHER[D-PP105WXEHZDV
FKDUJHG ZLWK 3GGED  PJ  PPRO RI 3G ;DQWSKRV  PJ  PPRO
EHQ]HQH-G P/ DQG VHDOHGZLWK D UXEEHU VHSWXP 3^+`105DQDO\VLV RI WKH
VDPSOHVKRZHGFRPSOHWHFRQYHUVLRQRI;DQWSKRVDQGWKHIRUPDWLRQRIWZRQHZVSHFLHV
>;DQWSKRV3GGED@  WZR GRXEOHWV DW  DQG  SSP -3-3    +] DQG
>;DQWSKRV3G@ WZR EURDG PXOWLSOHWV DW  DQG  SSP LQ D  UDWLR$ VLPLODU
3^+`105SDWWHUQZDVREVHUYHG IRU WKH UHDFWLRQPL[WXUHREWDLQHG VLPLODUO\XVLQJ
3GGEDPJPPRORI3GDQG;DQWSKRVPJPPROLQ7+)P/
$IWHURQHZHHNDWURRPWHPSHUDWXUHWKH7+)VROXWLRQSURGXFHG;-UD\TXDOLW\FU\VWDOV
RI>;DQWSKRV3GGED@ā7+)ā7+)VHH)LJXUH 
 
5HDFWLRQRI3GGEDZLWK;DQWSKRVDQG&2 ,QVLGHDJORYHER[D-PP105
WXEH ZDV FKDUJHG ZLWK 3GGED  PJ  PPRO RI 3G ;DQWSKRV  PJ 
PPRO EHQ]HQH-G  P/ DQG VHDOHG ZLWK D UXEEHU VHSWXP $IWHU WKH DUJRQ
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KHDGVSDFHZDVIOXVKHGZLWK&2YLDDV\ULQJHQHHGOH IXOOFRQYHUVLRQRI WKHRULJLQDOO\
SURGXFHG PL[WXUH RI >;DQWSKRV3GGED@  DQG >;DQWSKRV3G@ WR
>;DQWSKRV3G&2@VSSPZDVREVHUYHGZLWKLQPLQ
3^+`105
,GHQWLFDO UHVXOWVZHUHREWDLQHGZKHQ7+) P/ZDVXVHG LQSODFH RIEHQ]HQH-G
7ZRVWURQJEDQGVDWDQGFP-ZHUHREVHUYHGLQWKH)7-,5VSHFWUXPRIWKH
VROXWLRQEDFNJURXQGVXEWUDFWLRQ 
 
5HDFWLRQRI>;DQWSKRV3G3K,@ZLWK&2,QVLGHDJORYHER[D-PP105
WXEHZDV FKDUJHGZLWK >;DQWSKRV3G3K,@  PJ PPRO DQG EHQ]HQH-G
P/ DQG VHDOHGZLWK D UXEEHU VHSWXP$IWHU WKHKHDGVSDFHZDV IOXVKHGZLWK&2
V\ULQJH QHHGOH IRU FD  PLQ IXOO FRQYHUVLRQ RI  V  SSP WR
>;DQWSKRV3G&23K,@VSSPZDVREVHUYHGE\3^+`105 
 
5HDFWLRQRI>;DQWSKRV3G&2@ZLWK3K,,QVLGHDJORYHER[D-PP105
WXEH ZDV FKDUJHG ZLWK 3GGED  PJ  PPRO RI 3G ;DQWSKRV  PJ 
PPRODQGEHQ]HQH-GP/DQGVHDOHGZLWKDUXEEHUVHSWXP$IWHUWKHKHDGVSDFH
ZDV IOXVKHG ZLWK &2 V\ULQJH QHHGOH IRU FD  PLQ IXOO FRQYHUVLRQ WR
>;DQWSKRV3G&2@VSSPZDVREVHUYHGZLWKLQPLQ
3^+`105
$GGLWLRQ RI LRGREHQ]HQH  / WR WKH WKXV JHQHUDWHG  UHVXOWHG LQ VHOHFWLYH
IRUPDWLRQRI>;DQWSKRV3G&23K,@3^+`105VSSPDWIXOOFRQYHUVLRQ 
 
5HDFWLRQ RI >;DQWSKRV3G&23K,@  ZLWK >%X1@1 ,QVLGH D JORYHER[ D 
-PP105WXEHZDVFKDUJHGZLWK >;DQWSKRV3G3K,@ PJPPRODQG
EHQ]HQH-GP/DQGVHDOHGZLWKDUXEEHUVHSWXP5HSODFLQJWKHDUJRQKHDGVSDFH
ZLWK&2V\ULQJHQHHGOH UHVXOWHG LQ LQVWDQWDQHRXV UHDFWLRQ OHDGLQJ WR IXOO FRQYHUVLRQ
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3^+`105RI V  SSP WR >;DQWSKRV3G&23K,@  V  SSP$
VROXWLRQ RI >%X1@1  PJ  PPRO LQ EHQ]HQH-G  P/ ZDV DGGHG YLD
V\ULQJH 7KH 3^+` 105 VSHFWUXP UHFRUGHG ZLWKLQ  PLQXWHV LQGLFDWHG IXOO
FRQYHUVLRQRIWR>;DQWSKRV3G&2@VSSP$VWKHUHVXOWDQWVROXWLRQRI
 DQG 3K&21 ZDV KLJKO\ DLU-VHQVLWLYH WKH IRUPDWLRQ RI WKH ODWWHU E\ ,5 ZDV
FRQILUPHGLQDVLPLODUH[SHULPHQWSHUIRUPHGLQWKHSUHVHQFHRI3K,VHHEHORZ 
 
5HDFWLRQRI>;DQWSKRV3G&23K,@ZLWK>%X1@1LQWKHSUHVHQFHRI3K,
,QVLGHDJORYHER[D-PP105WXEHZDVFKDUJHGZLWK;DQWSKRVPJPPRO
3GGED PJPPRORI3G DQGEHQ]HQH-G P/ DQG VHDOHGZLWK D UXEEHU
VHSWXP 7KH KHDGVSDFH ZDV IOXVKHG ZLWK &2 V\ULQJH QHHGOH IRU FD  PLQ 7KH
DGGLWLRQ RI LRGREHQ]HQH  / WR WKH WKXV JHQHUDWHG >;DQWSKRV3G&2@ 
 VHH DERYH UHVXOWHG LQ WKH VHOHFWLYH IRUPDWLRQ RI >;DQWSKRV3G&23K,@ 
3^+`105VSSPDWIXOOFRQYHUVLRQ7RWKLVVDPSOHZDVDGGHGYLDV\ULQJH
 P/  HTXLY RI D VROXWLRQ RI >%X1@1  PJ LQ &+  P/ 7KH )7-,5
VSHFWUXP UHJLVWHUHG PLQXWHV DIWHU WKH DGGLWLRQ RI D]LGH LQGLFDWHG WKH IRUPDWLRQ RI
3K&21 D QHDW FP
-  1  & 2 DQG QR SUHVHQFH RI 3K1&2 
FP-)7-,5IRUDQDXWKHQWLFVDPSOHRID1& 2 
 
5HDFWLRQ RI >;DQWSKRV3G3K,@  ZLWK >%X1@1 ,QVLGH D JORYHER[ D YLDO
ZDVFKDUJHGZLWK;DQWSKRV PJPPRO3GGED PJPPRORI3G
33K2PJPPRO LQWHUQDOVWDQGDUGDQGEHQ]HQH P/$IWHUVWLUULQJ WKLV
UHDFWLRQPL[WXUHIRUPLQ3K,/ZDVDGGHG 3^+`105DQDO\VLVLQGLFDWHG
IXOO FRQYHUVLRQRI >;DQWSKRV3GGED@  WR >;DQWSKRV3G3K,@  V SSP
DIWHUPLQ>%X1@1PJPPROZDVWKHQDGGHGDQGWKHVROXWLRQZDVDJDLQ
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DQDO\]HG E\ 3^+` 105 DIWHU  PLQ WR REVHUYH IXOO FRQYHUVLRQ WR
>;DQWSKRV3G3K1@VSSP 
 
5HDFWLRQ RI >;DQWSKRV3G3K,@ ZLWK1D1 ,QVLGH D JORYHER[ D YLDOZDV
FKDUJHGZLWK;DQWSKRVPJPPRO3GGEDPJPPRORI3G33K2
PJPPROLQWHUQDOVWDQGDUGDQGEHQ]HQHP/$IWHUVWLUULQJIRUPLQ3K,
/ZDVDGGHG3^+`105DQDO\VLVDIWHUPLQXWHVLQGLFDWHGIXOOFRQYHUVLRQ
WR >;DQWSKRV3G3K,@  V  SSP$UJRQ-VDWXUDWHGZDWHU P/ DQG VRGLXP
D]LGH  PJ  PPRO ZHUH DGGHG$IWHU  PLQ RI YLJRURXV DJLWDWLRQ D  P/
DOLTXRW RI WKH RUJDQLF OD\HU ZDV GLOXWHGZLWK &+ P/ DQG DQDO\]HG E\
3^+`
105 ,*' WR VKRZFDFRQYHUVLRQ WR >;DQWSKRV3G3K1@ V SSP
1RFKDQJHLQWKHFRPSRVLWLRQRIWKHRUJDQLFOD\HUZDVREVHUYHG3^+`105DIWHU
VWLUULQJWKHELSKDVLFV\VWHPIRUDQDGGLWLRQDOKRXU 
 
5HDFWLRQ RI >;DQWSKRV3G3K1@  ZLWK &2 ,QVLGH D JORYHER[ D -PP
105 WXEHZDV FKDUJHGZLWK PJPPRO DQG WROXHQH P/ DQG VHDOHG
ZLWKDUXEEHUVHSWXP$IWHUWKHPL[WXUHZDVSODFHGXQGHU&2E\SXUJLQJYLDDV\ULQJH
QHHGOHIRUFDPLQIXOOFRQYHUVLRQRIWR>;DQWSKRV3G&2@VSSP
ZDV REVHUYHG ZLWKLQ  PLQ 3^+` 105 /D\HULQJ WKH UHVXOWDQW VROXWLRQ ZLWK
KH[DQHV XQGHU &2 SURGXFHG ;-UD\ TXDOLW\ FU\VWDOV RI >;DQWSKRV3G&2@āQ-&+
ÂKH[DQHVHH)LJXUH 
 
5HDFWLRQRI>;DQWSKRV3G3K1@ZLWK&2LQWKHSUHVHQFHRI3K,,QVLGHD
JORYHER[D-PP105WXEHZDVFKDUJHGZLWKPJPPRO3K,/DQG
EHQ]HQH-G  P/ DQG VHDOHG ZLWK D UXEEHU VHSWXP $IWHU UHDFWLRQ PL[WXUH ZDV
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SODFHG XQGHU &2 DWPRVSKHUH E\ SXUJLQJ YLD D V\ULQJH QHHGOH IRU FD  PLQ IXOO
FRQYHUVLRQ RI  WR >;DQWSKRV3G&23K,@  3^+` 105 V  SSP ZDV
REVHUYHG ZLWKLQ  PLQ E\ 3^+` 105 7KH IRUPDWLRQ RI 3K&21 D ZDV
FRQILUPHGE\)7-,5QHDWFP-1& 2)RULQGHSHQGHQWO\SUHSDUHG
DQGLVRODWHGD)7-,5QHDWFP-1& 21RFKDUDFWHULVWLFEDQGIURP
1&2ZDVREVHUYHGFP-IRUDQDXWKHQWLFVDPSOHRI3K1&2 
 
>%X1@1 $  DTXHRXV VROXWLRQ RI WHWUD-Q-EXW\ODPPRQLXP VXOIDWH  J 
PPRORI>1%X@62ZDVFRQFHQWUDWHGRQURWDU\HYDSRUDWRU$IWHUDWRWDORIJ
RIZDWHU KDG EHHQ HYDSRUDWHG1D1  J PPROZDV DGGHG DQG WKH UHVXOWDQW
PL[WXUHZDVDJLWDWHGIRUK$FHWRQLWULOHP/DQGDQK\GURXVVRGLXPVXOIDWHJ
ZHUHDGGHGWKHPL[WXUHZDVVWLUUHGIRUPLQDQGILOWHUHG7KHVROLGRQWKHILOWHUZDV
ZDVKHGZLWK DFHWRQLWULOH  î P/ 7KH FRPELQHG ILOWUDWH DQG WKHZDVKLQJV ZHUH
HYDSRUDWHG RQ D URWDU\ HYDSRUDWRU 'U\LQJ WKH UHVLGXH XQGHU YDFXXP FD  PP+J
RYHUQLJKW SURGXFHG D ZKLWH VROLG  J 7KH WKXV REWDLQHG FUXGH >%X1@1 ZDV
EURXJKWWRDJORYHER[DQGGLVVROYHGLQGU\EHQ]HQHP/7KHUHVXOWDQWVROXWLRQZDV
ILOWHUHG WKURXJK D SDG RI &HOLWH 7KH UHDFWLRQ IODVN ZDV ULQVHG ZLWK GU\ EHQ]HQH 
îP/DQGWKHZDVKLQJVZHUHILOWHUHGWKURXJKWKHVDPHSDG7KHFRPELQHGILOWUDWH
DQG WKHZDVKLQJVZHUH HYDSRUDWHG DQGGULHG XQGHU YDFXXPDW FD PP+J IRU  K
7ULWXUDWLRQRIWKHUHVLGXHZLWKGU\HWKHUP/SURGXFHGDZKLWHFU\VWDOOLQHVROLGWKDW
ZDVVHSDUDWHGDQGGULHGXQGHUYDFXXPFDPP+JIRUK7KH\LHOGRI>%X1@1
ZDV  J  7KLV VDOW LV K\JURVFRSLF DQG ZDV WKHUHIRUH VWRUHG DQG XVHG LQ D
JORYHER[+1050+]&'&OįW- +]+WT- DQG
 +] +  P +  P + ,5 QHDW FP-  1
- ;-UD\ TXDOLW\
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VLQJOHFU\VWDOVRI >%X1@1Â&+ZHUHREWDLQHGIURPDFRQFHQWUDWHGEHQ]HQHVROXWLRQ
RQVWDQGLQJDWURRPWHPSHUDWXUH)LJXUH 
 
 
)LJXUH257(3GUDZLQJRI>%X1@1Â&+ZLWKEHQ]HQHDQGDOO+DWRPVRPLWWHG
DQGWKHUPDOHOOLSVRLGVGUDZQWRWKHSUREDELOLW\OHYHO 
 
.LQHWLFGDWDIRUR[LGDWLYHDGGLWLRQRI$U,WR>;DQWSKRV3G&2@ 
 
 
6FKHPH3URSRVHGNLQHWLFVFKHPHIRUR[LGDWLYHDGGLWLRQRI$U,WR 
 
5DWHHTXDWLRQIRU6FKHPH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                      (Eq  1.1)  
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6LPSOLILHGIRUPVRI(T 
)RUNN- ªNDV LQGLFDWHGE\ WKHFRPSXWDWLRQDOGDWD(TFDQEHVLPSOLILHG WR 
LLWVJHQHUDOIRUP(TLLDVHFRQGRUGHUUDWHHTXDWLRQZLWKWKHDVVXPSWLRQWKDW
>&2@ UHPDLQV FRQVWDQW (T  DQG LLL D ILUVW RUGHU HTXDWLRQ IRU >%@ ª >$@ DQG 
>%@ FRQVWDQW(T 
 
]CO[
]][[
][
][ BAA
Iktd
d                        (Eq  1.2)  
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7KHIUHH*LEEVHQHUJ\RIDFWLYDWLRQǻ*ZDVHVWLPDWHGXVLQJWKHIROORZLQJSURFHGXUH 
,QVLGHDJORYHER[DPL[WXUHRI;DQWSKRVPJPPRODQG3GGEDPJ
PPRORI3GZDVGLVVROYHGLQ&+P/VHDOHGDQGEURXJKWRXWRIDJORYHER[
3ODFLQJ WKH UHVXOWDQW UHDFWLRQ PL[WXUH XQGHU &2 SURGXFHG D VROXWLRQ RI
>;DQWSKRV3G&2@$ZLWK>$@ 0,QVLGHDJORYHER[-)&+,M%
PJPPRODQGc-GLIOXRUR-c-ELSKHQ\OPJPPROLQWHUQDOVWDQGDUG
) 105 į   - SSP ZHUH GLVVROYHG LQ &+  P/ 7KH WKXV SUHSDUHG
VROXWLRQZDVVHDOHGEURXJKWRXWRIDJORYHER[DQGSODFHGXQGHU&2>%@ 0 
,QVLGH D JORYHER[ EHQ]HQH-G P/ZDV SODFHG LQ D -PPJODVV105 WXEH7KH
WXEHZDVVHDOHGEURXJKWRXWRIDJORYHER[GHJDVVHGE\IUHH]H-SXPS-WKDZDQGEDFN-
ILOOHGZLWK&27KHVROXWLRQRI$0P/DQGWKHQWKHVROXWLRQRI%0
 P/ ZHUH V\ULQJHG LQ WKH 105 WXEH FRQWDLQLQJ EHQ]HQH-G XQGHU &2 DQG WKH
UHDFWLRQ UDWHZDVPHDVXUHGE\ )^+`105)RU LQWHJUDWLRQ WKH VXPRI WKH VLJQDOV
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IURP% - SSP DQG WKH SURGXFW' - SSP ZDV QRUPDOL]HG  7KH
VWDUWLQJFRQFHQWUDWLRQVRIWKHUHDJHQWVZHUH>$@ >%@ 0 
7KHOLQHDUSORWRI>%@YVWLPH)LJXUHFRQILUPVVHFRQGRUGHURIWKHUHDFWLRQ
(TDQGWKHSURSRVHGNLQHWLFVFKHPH6FKHPH7KHODUJHLQWHJUDWLRQHUURURI
FDVWHPPHGIURPWKHQHFHVVLW\WRXVHWKHORZFRQFHQWUDWLRQVRI$DQG%DQGDVD
FRQVHTXHQFH SRRU VLJQDO WR QRLVH UDWLRV LQ WKH ) 105 VSHFWUD )URP WKH GDWD
REWDLQHGN,,ZDVURXJKO\HVWLPDWHGDW/PRO
-V-DWR&)LJXUH)RU
>%@ 0WKHNLQHWLFVZHUHVLPSOLILHGWRIRUPDOILUVW-RUGHU(TZLWKN,,, N,,>%@ 
  î - V- DQGǻ*     NFDOPRO  R&ZDV FDOFXODWHGXVLQJ WKH
(\ULQJHTXDWLRQ 
 
 
)LJXUH.LQHWLFRIWKHR[LGDWLYHDGGLWLRQRI)-&+,M%WR
>;DQWSKRV3G&2@$LQEHQ]HQHDW
R& 
 
 
y = 0.286x + 318.79 
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Chapter 2 
Mechanistic Study of Aryl Halide Activation 
with Ruthenium (I I) Hydrido Complexes  
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Introduction 
(IILFLHQW DFWLYDWLRQ RI LQHUW ERQGV LV D PDMRU JRDO RI RUJDQRPHWDOOLF FKHPLVWU\ DQG
FDWDO\VLVZLWKPHWDO FRPSOH[HV1$V GHWDLOHG LQ WKH*HQHUDO ,QWURGXFWLRQ WKH FDUERQ-
KDORJHQERQGRIXQDFWLYDWHGKDORDUHQHV LV SDUWLFXODUO\ WDUJHWHGEHFDXVHRI WKH VSHFLDO
LPSRUWDQFH RI LWV IXQFWLRQDOL]DWLRQ LQ RUJDQLF V\QWKHVLV2:KLOH EHLQJPRVW DWWUDFWLYH
IURPWKHHFRQRPLFDOSRLQWRIYLHZDU\OFKORULGHVDUHHVSHFLDOO\FKDOOHQJLQJVXEVWUDWHV
EHFDXVHRIWKHHQKDQFHGVWDELOLW\DQGORZUHDFWLYLW\RIWKH$U-&OERQG3&RPSOH[HVRI
3GDUHPXFKOHVVUHDFWLYHWRZDUGFKORURDUHQHVWKDQ1L6LQFHWKHSLRQHHULQJZRUN
RI 2VERUQ4D DQG0LOVWHLQEF LW KDV EHHQ ZLGHO\ UHFRJQL]HG WKDW EXON\ HOHFWURQ-ULFK
SKRVSKLQH OLJDQGV5 DUH FULWLFDO IRU FOHDQ R[LGDWLYH DGGLWLRQ RI WKH $U-&O ERQG WR
]HURYDOHQW 3G WKH PHWDO WKDW LV PRVW HIILFLHQWO\ DQG ZLGHO\ XVHG LQ FURVV-FRXSOLQJ
UHDFWLRQV 
&KORURDUHQH DFWLYDWLRQ UHDFWLRQV ZLWK PHWDOV RWKHU WKDQ 3G DQG 1L DUH UDUH
7KRURXJKO\GHVLJQHG5K6DQG,U7V\VWHPVKDYHEHHQVKRZQWRFOHDYHWKH&-&OERQGRI	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Murai, S., Ed. Activation of Unreactive Bonds and Organic Synthesis; Springer: Berlin, 1999. 
2 (a) Crabtree, R. H. The Organometallic Chemistry of the Transition Metals, 3rd ed.; Wiley-Interscience: 
New York, 2001. (b) de Meijere, A.; Diederich, F., Eds. Metal-Catalyzed Cross-Coupling Reactions, 2nd 
Ed.; Wiley-VCH: Weinheim, 2004. (c) Hartwig, J. F. Organotransition Metal Chemistry: F rom Bonding 
to Catalysis; University Science Books: Sausalito, 2009. 
3 For comprehensive reviews, see: (a) Grushin, V. V.; Alper, H. Chem. Rev. 1994, 94, 1047. (b) Grushin, 
V. V.; Alper, H. Top. Organomet. Chem. 1999, 3, 193. (c) Littke, A. F.; Fu, G. C. Angew. Chem., Int. Ed. 
2002, 41, 4176. (d) Bedford, R. B.; Cazin, C. S. J.; Holder, D. Coord. Chem. Rev. 2004, 248, 2283. 
4 (a) Huser, M.; Youinou, M. T.; Osborn, J. A. Angew. Chem., Int. Ed. Engl. 1989, 28, 1386. (b) Ben-
David, Y.; Portnoy, M.; Milstein, D. J. Am. Chem. Soc. 1989, 111, 8742. (c) Ben-David, Y.; Portnoy, M.; 
Milstein, D. J. Chem. Soc., Chem. Commun. 1989, 1816. 
5 It has been recently shown that Pd(0) bearing NiXantphos, an anionic Xantphos-type ligand with Ph 
substituents on the P atoms, can oxidatively add aryl chlorides at room temperature. The Pd center in this 
system is apparently extra electron-enriched by the overall negative charge of the coordinated 
dipshosphine. See: Zhang, J.; Bellomo, A.; Trongsiriwat, N.; Jia, T.; Carroll, P. J.; Dreher, S. D.; Tudge, 
M. T.; Yin, H.; Robinson, J. R.; Schelter, E. J.; Walsh, P. J. J. Am. Chem. Soc. 2014, 136, 6276. 
6 For selected examples, see: (a) Grushin, V. V.; Alper, H. Organometallics 1991, 10, 1620. (b) Willems, 
S. T. H.; Budzelaar, P. H. M.; Moonen, N. N. P.; de Gelder, R.; Smits, J. M. M.; Gal, A. W. Chem. Eur. J. 
2002, 8, 1310. (c) Grushin, V. V.; Marshall, W. J. J. Am. Chem. Soc. 2004, 126, 3068. (d) Macgregor, S. 
A.; Roe, D. C.; Marshall, W. J.; Bloch, K. M.; Bakhmutov, V. I.; Grushin, V. V. J. Am. Chem. Soc. 2005, 
127, 15304. (e) Gatard, S.; Celenligil-Cetin, R.; Guo, C.; Foxman, B. M.; Ozerov, O. V. J. Am. Chem. 
Soc. 2006, 128, 2808. (f) Douglas, T. M.; Chaplin, A. B.; Weller, A. S. Organometallics 2008, 27, 2918. 
(g) Ito, J.-I.; Miyakawa, T.; Nishiyama, H. Organometallics 2008, 27, 3312. (h) Gatard, S.; Guo, C.; 
Foxman, B. M.; Ozerov, O. V. Organometallics 2007, 26, 6066. (i) Puri, M.; Gatard, S.; Smith, D. A.; 
Ozerov, O. V. Organometallics 2011, 30, 2472. 
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XQDFWLYDWHGDU\O FKORULGHVXQGHUPLOGFRQGLWLRQV7KHUHKDYHEHHQFRQVLGHUDEO\ IHZHU
H[DPSOHV RI $U-&O DFWLYDWLRQ ZLWK 5X %\ IDU WKH FKHDSHVW SODWLQXP JURXS PHWDO
UXWKHQLXPLVSDUWLFXODUO\DWWUDFWLYHIRU$U-;DFWLYDWLRQ6RPH5XVSHFLHVKDYHEHHQ
UHSRUWHGWRFOHDYHWKHOHVVLQHUW&-;; ,%UERQGRILRGR-DQGEURPREHQ]HQHDQG 
-WROXHQH DW  R&8+LJKO\ UHDFWLYH5XGHULYDWLYHV RI EXON\ HOHFWURQ-ULFK&\3KDYH
EHHQ VKRZQ WR DFWLYDWH WKH 3K-, ERQG DW DPELHQW WHPSHUDWXUH9DE EXW WKH$U-&O ERQG
RQO\ DW  R&F $ QXPEHU RI UHSRUWV10 RI 5X-FDWDO\]HG DU\ODWLRQ UHDFWLRQV ZLWK
FKORURDUHQHVKRZHYHULQGLFDWHWKDWWKH$U-&OERQGLVXVXDOO\DFWLYDWHGDWWKHUXWKHQLXP
FHQWHURQO\DW-R& 
$ IHZ \HDUV DJR LW ZDV IRXQG LQ RXU JURXS WKDW XQDFWLYDWHG DU\O KDOLGHV
FKORUREHQ]HQH LQFOXGHG DUH HIILFLHQWO\ DFWLYDWHG ZLWK >3K35X++@  LQ WKH
SUHVHQFH RI VW\UHQH11 ,W ZDV GHPRQVWUDWHG WKDW DGGLQJ  HTXLY RI VW\UHQH WR D 
PL[WXUH RI >3K35X++@  DQG 3K; ;   , %U &O LQ WROXHQH WULJJHUHG DQ
LQVWDQWDQHRXV UHDFWLRQ WKDW VHOHFWLYHO\ SURGXFHG EHQ]HQH DQG >3K35X+;@  DV
VKRZQLQ6FKHPH 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
7 For facile Ph-Cl activation with Ir, see: Douvris, C.; Reed, C. A. Organometallics 2008, 27, 807. 
8 (a) Deeming, A. J.; Speel, D. M. Organometallics 1997, 16, 289. (b) Grounds, H.; Anderson, J. C.; 
Hayter, B.; Blake, A. J. Organometallics 2009, 28, 5289. 
9 (a) Chaudret, B.; Chug, G.; Eisenstein, O.; Jackson, S. A.; Lahoz, F. J.; Lopez, J. A. J. Am. Chem. Soc. 
1991, 113, 2314. (b) Christ, M. L.; Sabo-Etienne, S.; Chaudret, B. Organometallics 1994, 13, 3800. (c) 
Cucullu, M. E.; Nolan, S. P.; Belderrain, T. R.; Grubbs, R. H. Organometallics 1999, 18, 1299. 
10)RUVHOHFWHGH[DPSOHVVHHD*RQHOO63HULV($&6&DWDOE6DODP1.XQGX6
. 5R\$ 60RQGDO 3 *KRVK . %KDXPLN$ ,VODP 60'DOWRQ 7UDQV    F
$URFNLDP 3 % )LVFKPHLVWHU & %UXQHDX & 'L[QHXI 3 + *UHHQ &KHP    G
'DVWEDUDYDUGHK1 6FKQUFK00LKRYLORYLF0'(XU -2UJ &KHP  H =KDQJ -
<DQJ4=KX=<XDQ0/)X+<=KHQJ;/&KHQ+/L5;(XU-2UJ&KHP
I'DVWEDUDYDUGHK16FKQUFK00LKRYLORYLF0'2UJ/HWW J$FNHUPDQQ
//\JLQ$92UJ/HWWK'RKHUW\6.QLJKW-*$GG\PDQ&56P\WK&+
:DUG 1 $ % +DUULQJWRQ 5 : 2UJDQRPHWDOOLFV    L /L : $URFNLDP 3 %
)LVFKPHLVWHU&%UXQHDX&'L[QHXI3+*UHHQ&KHPM<X%<DQ;:DQJ6
7DQJ 1 ;L &2UJDQRPHWDOOLFV    N$FNHUPDQQ / 9LFHQWH 5 3RWXNXFKL + .
3LURYDQR92UJ/HWWO/XR1<X=&KHP(XU-P$FNHUPDQQ
/ 1RYiN 3 9LFHQWH 5 3LURYDQR 9 6\QWKHVLV   Q$URFNLDP 3 % )LVFKPHLVWHU &
%UXQHDX&'L[QHXI3+$QJHZ&KHP,QW(G R3R]JDQ)'L[QHXI3+$GY
6\QWK&DWDOS$FNHUPDQQ/%RUQ59LFHQWH5&KHP6XV&KHPT
$URFNLDP33RLULHU9)LVFKPHLVWHU&%UXQHDX&'L[QHXI3+*UHHQ&KHP U
g]GHPLUø'HPLU6*UE]1dHWLQND\D%7RXSHW/%UXQHDX&'L[QHXI3+(XU-,QRUJ
&KHP 
11 Muñoz, B. K., 2011, unpublished results. 
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6FKHPH5HDFWLRQRI>3K35X++@ZLWKKDORDUHQHVDQGVW\UHQH 
 
7KH IDFLOH 3K-; ;   &O %U ERQG FOHDYDJH ZLWK UXWKHQLXP 6FKHPH  LV
XQSUHFHGHQWHG $OWKRXJK WKHVH WUDQVIRUPDWLRQV EHDU UHVHPEODQFH WR WKH IRUPDWLRQ RI
>&\35X+,+@IURP3K,DQG>&\35X+@
DELVGHYRLGRIKLJKO\EDVLFEXON\
SKRVSKLQHOLJDQGVWKDWDUHFULWLFDOIRUHIILFLHQW$U-;DFWLYDWLRQHVSHFLDOO\IRU; &O
7KH K\GURGHFKORULQDWLRQ RI FKORUREHQ]HQH ZLWK 5X-53 5   &\ RU L-3U FDWDO\VWV
UHTXLUHVR&WRRFFXUF 
3UHOLPLQDU\PHFKDQLVWLFVWXGLHVRIWKH$U-;DFWLYDWLRQZLWK-VW\UHQHVKRZHGWKDW
SHUIRUPLQJ WKH UHDFWLRQV 6FKHPH  LQ 7+)-G UHVXOWHG LQ QR VLJQLILFDQW
LQFRUSRUDWLRQ RI GHXWHULXP LQWR WKH EHQ]HQH SURGXFW  E\ *&-06 7KLV UHVXOW
DORQJ ZLWK D ODFN RI IRUPDWLRQ RI ELEHQ]\O LQ WKH UHDFWLRQV FRQGXFWHG LQ WROXHQH
VXJJHVWHGWKDWIUHHUDGLFDOVDUHXQOLNHO\LQYROYHGLQWKH3K-;DFWLYDWLRQSURFHVV 
,WZDVDOVRIRXQGWKDWLQWKHDEVHQFHRIVW\UHQHUHDFWHGVOXJJLVKO\HYHQZLWK3K,
WKHPRVWUHDFWLYHSKHQ\OKDOLGH%RWK>3K35X+@DQG>3K35X+1@
DUHPRUH UHDFWLYH WRZDUG3K, WKDQ LQ WKH DEVHQFHRI VW\UHQH'HOLEHUDWHO\ DGGHG
33KVORZHGGRZQWKHUHDFWLRQRIZLWK3K,7KHVHGDWDVXJJHVWWKDWWKH3K-;ERQGLV
DFWLYDWHG E\ WKH VDPH UHDFWLYH VSHFLHV JHQHUDWHG IURP   RU  7KH REVHUYHG
TXDOLWDWLYHRUGHURIUHDFWLYLW\VW\UHQH!§!33K§LQGLFDWHVWKDWWKLV
UHDFWLYHVSHFLHVLVOLNHO\>3K35X+@WKDWLVSURGXFHGXSRQUHPRYDORI/IURP
>3K35X/+@ZKHUH /  +  33K  RU1  6FKHPH  ,QGHHG WKH
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ORQJ-HVWDEOLVKHG12 KLJKHU ODELOLW\ RI 1 LQ  WKDQ RI + LQ  SDUDOOHOV WKH REVHUYHG
HQKDQFHGUHDFWLYLW\RIWRZDUG3K,DVFRPSDUHGWR 
7KHOLWHUDWXUHGDWDRQ>3K35X+@DUHQRWZLWKRXWFRQWURYHUV\$SSDUHQWO\
LV DQ HOXVLYH VSHFLHV WKDW KDV EHHQ FRQYLQFLQJO\ SURSRVHG DV D KLJKO\ UHDFWLYH
LQWHUPHGLDWHEXWQHYHUXQDPELJXRXVO\ FKDUDFWHUL]HG LQ WKHVROLG VWDWHRU LQ VROXWLRQ13
7KH IRUPDWLRQ RI  FRXOG QRW EH REVHUYHG LQ ORZ-WHPSHUDWXUH 105 VWXGLHV RI WKH
UHDFWLRQEHWZHHQDQGVW\UHQH 
 
 
6FKHPH3K-;DFWLYDWLRQZLWK³>3K35X+@´JHQHUDWHGIURPRU 
 
0RUHUHFHQWO\LWZDVIRXQGWKDWWKHDGGLWLRQRI3K,LQODUJHH[FHVVFDHTXLYWR
UHVXOWV LQ SDUWLDO GLVVRFLDWLRQ RI 33K DQG WKH IRUPDWLRQ RI D QHZ VSHFLHV 
PHU->3K35X+3K,@ 14 8QGHU VLPLODU FRQGLWLRQV EXW ZLWK 3K%U RU 3K&O LQ
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
12.QRWK:+-$P&KHP6RF 
13 Samouei, H.; Miloserdov, F. M.; Escudero-Adán, E. C.; Grushin, V. V. Organometallics 2014, 33, 
7279 and references cited therein. 
14 Samouei, H., 2013, unpublished results. 
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SODFHRI3K,QRIRUPDWLRQRI >3K35X+3K;@ ; %URU&O WRRNSODFH7KHVH
REVHUYDWLRQVDORQJZLWKWKHIDFWWKDWLVSURGXFHGQRWRQO\LQ7+)EXWDOVRLQDURPDWLF
VROYHQWV LQGLFDWH WKH3K,PROHFXOH LQ LVERXQG WR WKH5XFHQWHUYLD WKH LRGLQHDWRP
UDWKHUWKDQWKURXJKWKHʌ-V\VWHPRIWKHDURPDWLFULQJ6FKHPH157KLVDVVLJQPHQWL
FRQVLVWHQW ZLWK WKH FKHPLFDO VKLIWV RI WKH K\GULGR UHVRQDQFHV IURP  - DQG 
-SSPDW-R& 
 
 
6FKHPH(TXLOLEULXPEHWZHHQ>3K35X+@DQG>3K35X+3K,@ 
 
$SDUWLFXODUO\ VWULNLQJ REVHUYDWLRQZDVPDGH LQ D SUHOLPLQDU\ NLQHWLF VWXG\ RI WKH
UHDFWLRQRIZLWK3K,LQH[FHVV6FKHPH,WZDVIRXQGWKDWGXULQJWKHUHDFWLRQWKH
VWDUWLQJ FRPSOH[  GHFD\V DQG WKH SURGXFW -, DSSHDUV OLQHDUO\ XQWLO QHDUO\ IXOO
FRQYHUVLRQRI - ,QRWKHUZRUGV WKH UDWHVRIGLVDSSHDUDQFHRI DQGRI WKH
IRUPDWLRQ RI -, ZHUH FRQFHQWUDWLRQ LQGHSHQGHQW LH ]HURWK RUGHU 6XFK DUUHVWLQJ
NLQHWLFEHKDYLRUKDVQRWEHHQUHSRUWHGIRULQHUWERQGDFWLYDWLRQZLWKDWUDQVLWLRQPHWDO
FRPSOH[DQGFDQQRWEHUDWLRQDOL]HGE\FRQYHQWLRQDONLQHWLFVFKHPHV16 
 
6FKHPH5HDFWLRQRI>3K35X+@ZLWKLRGREHQ]HQH 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
15 For a review of metal complexes with halocarbon ligands, see: Kulawiec, R. J.; Crabtree, R. H. Coord. 
Chem. Rev. 1990, 99, 89. 
16 Espenson, J. H. Chemical Kinetics and Reaction Mechanisms, 2nd Ed.; McGraw-Hill: New York, 
1995. 
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Objectives	  
7KHILQGLQJVGHVFULEHGLQWKH,QWURGXFWLRQDERYHDUHLQWULJXLQJLQDWOHDVWWZRUHVSHFWV
)LUVWWKHQRYHO3K-;; &O%U,DFWLYDWLRQUHDFWLRQVZLWK5X,,FRPSOH[HVGHYRLG
RI EXON\ HOHFWURQ-ULFK SKRVSKLQH OLJDQGV 6FKHPHV   DQG  DUH
XQSUHFHGHQWHGO\IDFLOHUHDGLO\RFFXUULQJDWURRPWHPSHUDWXUH6HFRQGWKHSUHOLPLQDU\
PHFKDQLVWLF LQYHVWLJDWLRQV SHUIRUPHG LQ RXU JURXS SRLQW XQDPELJXRXVO\ WR DQ
XQFRPPRQPHFKDQLVPWKDWJRYHUQVWKHVHWUDQVIRUPDWLRQV&RQVLGHULQJWKHH[FHSWLRQDO
LPSRUWDQFHRIDURPDWLFFDUERQ-KDORJHQERQGDFWLYDWLRQLQFKHPLVWU\RXUREMHFWLYHZDV
WRFDUU\RXWDGHWDLOHGVWXG\RIWKHUHDFWLRQVRI>3K35X+@ZLWKLRGR-EURPR-
DQGFKORUREHQ]HQHLQRUGHUWRHVWDEOLVKWKHLUPHFKDQLVP7RWKLVHQGZHHPSOR\HGWKH
PRVWSRZHUIXOPRGHUQDSSURDFKWRHOXFLGDWLRQRIUHDFWLRQPHFKDQLVPVZKLFKLQYROYHV
ERWKH[SHULPHQWDODQGFRPSXWDWLRQDOVWXGLHV17 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
17 The DFT computational studies were performed by Dr. D. McKay and Prof. S. A. Macgregor (Heriot-
Watt University, U.K.). 
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5HVXOWV 
.LQHWLF6WXGLHVRIWKH5HDFWLRQRIZLWK3K,,QRUGHUWRHOXFLGDWHWKHPHFKDQLVPRI
WKH 3K-; DFWLYDWLRQ ZLWK WKH UXWKHQLXP FRPSOH[HV LW ZDV FULWLFDO WR XQGHUVWDQG WKH
RULJLQ RI WKH XQH[SHFWHG NLQHWLF SDWWHUQ SUHYLRXVO\ REVHUYHG LQ RXU ODERUDWRULHV VHH
DERYH )LUVW ZH UHSHDWHG WKH ³]HUR-RUGHU´ NLQHWLF H[SHULPHQWV WR ILQG WKHP KLJKO\
UHSURGXFLEOH$OONLQHWLFUXQVZHUHSHUIRUPHGZLWKFRQWDLQLQJPROHFXOHRIODWWLFH
33KSHU5XKHUHDIWHUGHQRWHGDV³´IRUVLPSOLFLW\$VKDVEHHQUHFHQWO\VKRZQLQDQ
;-UD\DQGVROXWLRQVWXG\WKHVWDQGDUGPHWKRGWRV\QWKHVL]H>3K35X+@IXUQLVKHV
WKHSURGXFWLQWKHIRUPRI>3K35X+@ā33Kā&+)RUNLQHWLFVWXGLHVZDV
DGGLWLRQDOO\ZDVKHGZLWKKH[DQHVDQGWKHQZLWKHWKHULQWKHJORYHER[DQGGULHGXQGHU
YDFXXP $IWHU WKDW WKH FRPSOH[ ZDV IRXQG WR KDYH WKH FRPSRVLWLRQ
>3K35X+@Â33KÂKH[DQH1057KHSUHVHQFHRIH[WUDSKRVSKLQHLQWKH5X
FRPSOH[XVHGLQWKHFXUUHQWZRUNZDVWDNHQLQWRDFFRXQWLQWKHWUHDWPHQWRIWKHNLQHWLF
GDWD7KHUHDFWLRQRIZLWK3K,HTXLYLQEHQ]HQH-GDWR&WRJLYH-,ZLWKFD
 VHOHFWLYLW\ 6FKHPH  ZDV PRQLWRUHG WR  FRQYHUVLRQ E\ +105 LQ WKH
SUHVHQFHRIDQH[WHUQDOVWDQGDUG,QWHJUDWLRQRIWKHK\GULGRUHVRQDQFHVIURPWKHVWDUWLQJ
FRPSOH[  DQG IURP WKH SURGXFW -, FRQILUPHG WKH OLQHDU GHFD\ RI  DQG WKH
DSSHDUDQFHRI-,LH]HURWKRUGHUNLQHWLFV:HWKHQXQGHUWRRNDPRUHGHWDLOHGVWXG\RI
WKLVUHDFWLRQ 
8VLQJ WKHPHWKRG RI LQLWLDO UDWHVZH GHWHUPLQHG WKH UHDFWLRQ RUGHU LQ HDFK RI WKH
VSHFLHVRULJLQDOO\SUHVHQWLQWKHV\VWHP$VVKRZQLQ)LJXUHV-WKHUHDFWLRQZDV
IRXQGWREHILUVWRUGHULQERWKDQG3K,DQGQHJDWLYHILUVWRUGHULQ33K
187KHUDWHODZ
(TGHULYHG IURP WKHVH H[SHULPHQWVZDV FRQVLVWHQWZLWK DPHFKDQLVP LQYROYLQJ
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
18 (a) The reaction conditions were selected such that the equilibrium between 3 and 6 (Scheme 2.3) 
would be shifted toward 3. (b) In some of these experiments employing PPh3 in a 10-20-fold excess, side 
formation of minute quantities of Ph4P+I- was observed at high conversions of 3.  
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SUH-HTXLOLEULXPEHWZHHQDQG6FKHPH+RZHYHU(TFRXOGQRWDFFRXQWIRU
WKHREVHUYHG]HURWKRUGHU:HWKHUHIRUHSURSRVHGWKDWWKLVGLVFUHSDQF\PLJKWEHGXHWR
DXWRFDWDO\VLV19 DQG VWXGLHG WKH UHDFWLRQ RI  ZLWK 3K, DIWHU IXOO FRQYHUVLRQ WR -, LQ
PRUHGHWDLO 
 
 
)LJXUH'HSHQGHQFHRIWKHLQLWLDOUDWHRQWKHLQLWLDOFRQFHQWUDWLRQRILQWKH
UHDFWLRQZLWK3K,0LQWKHSUHVHQFHRIH[FHVVRI33K0DW
R& 
 
 
)LJXUH'HSHQGHQFHRIWKHLQLWLDOUDWHRQWKHLQLWLDOFRQFHQWUDWLRQRI3K,LQWKH
UHDFWLRQZLWK0LQWKHSUHVHQFHRIH[FHVVRI33K0DW
R& 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
19 (a) Singh, K. J.; Hoepker, A. C.; Collum, D. B. J. Am. Chem. Soc. 2008, 130, 18008. (b) Hoepker, A. 
C.; Gupta, L.; Ma, Y.; Faggin, M. F.; Collum, D. B. J. Am. Chem. Soc. 2011, 133, 7135. 
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)LJXUH'HSHQGHQFHRIWKHLQLWLDOUDWHRQWKHLQLWLDOFRQFHQWUDWLRQRI33KWRSDQG
RQ>33K@LQLWERWWRPLQWKHUHDFWLRQRI>3K35X+@0ZLWK3K,
0DWR& 
 
G>-,@GW N>@>3K,@>33K@-  (T 
 
0RQLWRULQJWKHUHDFWLRQRIZLWK3K,E\+DQG3^+`105UHYHDOHGDVWDUWOLQJ
NLQHWLFSURILOHVKRZQLQ)LJXUHVKRZLQJWKDWDIWHUWKHQHDUO\TXDQWLWDWLYHIRUPDWLRQ
RI-,LWGHFD\HGH[SRQHQWLDOO\ 
y = 136.03x-1.242 
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)LJXUH.LQHWLFSURILOHIURPDSUHOLPLQDU\VWXG\RIWKHUHDFWLRQRI0ZLWK
3K,0DWR& 
 
7KHIROORZLQJREVHUYDWLRQVZHUHPDGHLQDVHULHVRIDGGLWLRQDOVWXGLHVRIWKHUHDFWLRQ
OHDGLQJWRWKHGLVDSSHDUDQFHRI-, 
$V-,GHFD\HG LWV GHHSSXUSOHFRORUYDQLVKHGDQG WKH UHDFWLRQPL[WXUH WXUQHG
EURZQ,QSDUDOOHO WKHEURDG3^+`105VLJQDODWSSPIURP-,ZDVUHSODFHG
ZLWK DQRWKHU EURDG UHVRQDQFH DW  SSP DQG WKH SHDN IURP IUHH 33K DW - SSP
JUHZLQLQWHQVLW\ 
 1R QHZ UHVRQDQFHV DSSHDUHG LQ WKH K\GULGR UHJLRQ RI WKH + 105 VSHFWUXP
WKURXJKRXWWKHRQZDUGUHDFWLRQRI-, 
4XDQWLWDWLYH 3^+`105DQDO\VLV LQGLFDWHG WKDW HTXLYRI IUHH33KSHU5X
ZHUHSURGXFHGDWIXOOFRQYHUVLRQRI-, 
,QDVFDOH-XSH[SHULPHQWZLWKDWDKLJKHUFRQFHQWUDWLRQLQEHQ]HQHDWR&D
EODFN-EURZQSUHFLSLWDWHZDVSURGXFHGDIWHUIXOOFRQYHUVLRQRIILUVWDQGWKHQ-,ZDV
UHDFKHGLQK7KLVVROLGDSSHDUHGWREHYLUWXDOO\LQVROXEOHLQEHQ]HQHWROXHQH7+)
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GLFKORURPHWKDQHDQG'0),WZDVIRXQGKRZHYHUWKDWWKLVGDUNPDWHULDOGLVVROYHGLQ
'062 WR JLYH D \HOORZ VROXWLRQ WKDW GLVSOD\HG RQO\ RQH VLJQDO LQ WKH 3^+`105
VSHFWUXPDVLQJOHWDW-SSPDSSDUHQWO\IURPIUHH33K(OHPHQWDODQDO\VLVGDWD&
+REWDLQHGIRUWKLVPDWHULDOZHUHFRQVLVWHQWZLWKWKHFRPSRVLWLRQ>3K35X,@6XFKD
VSHFLHVPLJKWZHOOUHDFWZLWK'062WRJLYHVWDEOH>'0625X,@
20ZLWKVLPXOWDQHRXV
OLEHUDWLRQRI33K,IFDOFXODWHGIRUWKHIRUPXOD>3K35X,@WKH\LHOGRIWKLVVROLGLQ
WKHUHDFWLRQRIZLWK3K,DW IXOOFRQYHUVLRQZDVTXDQWLWDWLYH ,WZDVDOVRQRWLFHG WKDW
WKLV PDWHULDO UHDGLO\ SUHFLSLWDWHG IURP FRQFHQWUDWHG UHDFWLRQ PL[WXUHV EXW QRW IURP
GLOXWHVROXWLRQVXVHGLQWKHNLQHWLFH[SHULPHQWV 
7KHDERYHREVHUYDWLRQVVXJJHVWHGWKDWWKHXOWLPDWHSURGXFWRIWKHUHDFWLRQRIZLWK
3K, ZDV >3K35X,@Q OLNHO\
21 D GLPHU >3K35X,ȝ-,@  :H WKHUHIRUH
DWWHPSWHG DQ LQGHSHQGHQW V\QWKHVLV RI  7KH UHDFWLRQ RI >3K35X&O@ZLWK1D, LQ
EHQ]HQH-ZDWHUJDYHDVZDVHVWDEOLVKHGE\VLQJOH-FU\VWDOGLIIUDFWLRQ)LJXUH 
 
 
)LJXUH257(3GUDZLQJRI>3K35X,ȝ-,@ZLWKDOO+DWRPVRPLWWHGIRU
FODULW\DQGWKHUPDOHOOLSVRLGVGUDZQWRWKHSUREDELOLW\OHYHO 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
20 Sarma, U. C.; Poddar, R. K. Polyhedron 1988, 7, 2627. 
21 Hoffman, P. R.; Caulton, K. G. J. Am. Chem. Soc. 1975, 97, 4221. 
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7KH DERYH GDWD VXJJHVWHG WKDW -, SURGXFHG LQ WKH ILUVW VWHS UHDFWV ZLWK 3K, VWLOO
SUHVHQWLQDODUJHH[FHVVWRJLYHDORQJZLWK3K+DQGRQHHTXLYRI33KUHOHDVHGIURP
WKH5XFHQWHU6FKHPH7KHUHDFWLRQRILQGHSHQGHQWO\SUHSDUHGSXUH-,OHDGLQJWR
 REH\HG WKH NLQHWLF ODZ SUHVHQWHG LQ (T  DV HVWDEOLVKHG E\ WKHPHWKRG RI LQLWLDO
UDWHV/LNHWKHILUVWVWHSLHWKHIRUPDWLRQRI-,IURP6FKHPHDQG(TWKH
UHDFWLRQ RI-,ZLWK3K,ZDV IRXQG WR EH SRVLWLYH ILUVW RUGHU LQ HDFK-, DQG3K, DQG
QHJDWLYHILUVWRUGHULQ33K)LJXUHV- 
 
 
6FKHPH5HDFWLRQRI>3K35X+,@-,ZLWKLRGREHQ]HQH 
 
-G>-,@GW N>-,@>3K,@>33K@-  (T 
 
 
)LJXUH'HSHQGHQFHRIWKHLQLWLDOUDWHRQWKHLQLWLDOFRQFHQWUDWLRQRI-,LQWKH
UHDFWLRQZLWK3K,0LQWKHSUHVHQFHRI33K0DW
R& 
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)LJXUH'HSHQGHQFHRIWKHLQLWLDOUDWHRQWKHLQLWLDOFRQFHQWUDWLRQRI3K,LQWKH
UHDFWLRQZLWK-,0LQWKHSUHVHQFHRI33K0DWR& 
 
 
 
)LJXUH'HSHQGHQFHRIWKHLQLWLDOUDWHRQWKHLQLWLDOFRQFHQWUDWLRQRI33KWRSDQG
RQ>33K@LQLWERWWRPLQWKHUHDFWLRQRI-,0ZLWK3K,0DWR& 
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6FKHPHVDQGDUHFRQVLVWHQWZLWKWKHH[SHULPHQWDOO\GHWHUPLQHGVWRLFKLRPHWU\
RIWKHUHDFWLRQVHTXHQFHLQYROYLQJWKHVWHSZLVHIRUPDWLRQRIILUVW-,DQGWKHQIURP
DQG 3K, +RZHYHU QRQH RI WKH FRQYHQWLRQDO NLQHWLF VFKHPHV IRU WZR FRQVHFXWLYH
UHDFWLRQV FRXOG ILW WKH SHFXOLDU NLQHWLF SURILOH RI WKH FXUUHQW WUDQVIRUPDWLRQ 
)LJXUH7KHREVHUYHG]HURWKRUGHUDSSHDUDQFHRI-,DQGWKHDSSDUHQW ODFNRI LWV
WUDQVIRUPDWLRQ WR  XQWLO LW LV IRUPHG QHDUO\ TXDQWLWDWLYHO\ VHHPHG LQH[SOLFDEOH
FRQVLGHULQJ WKH HVWDEOLVKHG UDWH ODZV (TV DQG DQG WKHREVHUYHG VLPLODULW\ LQ
UDWHVIRUERWKVWHSV)LJXUH 
,QDQDWWHPSWWRVROYHWKHP\VWHU\ZHSURSRVHGWKDWRQFHIRUPHGLQWKHILUVWVWHS-,
UHDFWV ZLWK 3K, 7KH QHJDWLYH ILUVW RUGHU LQ 33K (T  SRLQWHG WR SKRVSKLQH
GLVVRFLDWLRQIURP-,SULRUWR3K-,DFWLYDWLRQ&RQVHTXHQWO\WKH5XSURGXFWRIWKH&-,
FOHDYDJH LV OLNHO\ DPRQRQXFOHDU IRXU-FRRUGLQDWH VSHFLHV >3K35X,@  WKDWPD\
GLPHUL]HWRSURGXFHVHHDERYH:HK\SRWKHVL]HGKRZHYHUWKDWFRPSURSRUWLRQDWHV
ZLWK WKH DV \HW XQUHDFWHG VWDUWLQJ GLK\GULGH  WR UHYLYH -, LQ D UHDFWLRQ WKDW LV
FRQVLGHUDEO\IDVWHUWKDQERWKWKDWEHWZHHQ3K,DQGDQGWKHGLPHUL]DWLRQOHDGLQJWR
7KLVPHFKDQLVWLFSURSRVDOVKRZQLQ6FKHPHZDVFRQILUPHGE\JHQHUDWLQJLQVLWX
IURP>3K35X&O@DQG1D,LQWKHSUHVHQFHRILQ7+)DQGREVHUYLQJWKHIRUPDWLRQ
RI-,ZLWKLQWKHWLPHRIPL[LQJ6FKHPH228QGHULGHQWLFDOFRQGLWLRQVEXW LQ WKH
DEVHQFH RI LRGLGH RQO\ D VOXJJLVK UHDFWLRQ RI >3K35X&O@ ZLWK  ZDV REVHUYHG
OHDGLQJ WR-&O LQ FD  \LHOG DIWHU  GD\  DIWHU  K DW  R& LQ D VHSDUDWH
H[SHULPHQW $OWKRXJK N 6FKHPH  FRXOG QRW EH DFFXUDWHO\ GHWHUPLQHG E\
H[SHULPHQWDOPHDQVWKHLQVWDQWDQHRXVIRUPDWLRQRI-,6FKHPHLQGLFDWHVWKDWWKLV
FRPSURSRUWLRQDWLRQ UHDFWLRQ LV PXFK IDVWHU WKDQ ERWK 3K-, DFWLYDWLRQ SURFHVVHV DQG	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
22 (a) Unlike well-known [(Ph3P)3RuCl2], its iodo counterpart [(Ph3P)3RuI2] has never been adequately 
characterized22b and is expected21 to be unstable, easily losing PPh3 and dimerizing to 7. In a separate 
experiment, it was shown that pregenerated 7 reacts with 3 only slowly, evidently because this reaction 
requires the formation of 8 via cleavage of the Ru-I bridge. (b) Champness, N. R.; Levason, W.; Preece, 
S. R.; Webster, M.; Frampton, C. S. Inorg. Chim. Acta 1996, 244, 65. 
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WKHUHIRUHWKHFRQGLWLRQIRUWKHSURSRVHGDXWRFDWDO\VLVN!!N6FKHPHLVPHW,I
LQ DGGLWLRQ N §N DQGFKDQJHV LQ WKH FRQFHQWUDWLRQV RI3K, DQG33K DUH QHJOLJLEO\
VPDOOGXULQJWKHSURFHVVWKHJHQHUDOHTXDWLRQIRUWKHILUVWVWHSLQ6FKHPH(TLV
WUDQVIRUPHG WR(T DFFRXQWLQJ IRU WKH ]HURWKRUGHUEHKDYLRUREVHUYHG )LJXUH
VHH([SHULPHQWDO6HFWLRQIRUWKHGHULYDWLRQRI(TVDQG237KLVUDUHNLQHWLFFDVH
LV PHWKRGRORJLFDOO\ VLPLODU WR WKH DXWRFDWDO\VLV LQ WKH OLWKLXP GLLVRSURS\ODPLGH-
PHGLDWHGRUWKR-OLWKLDWLRQUHDFWLRQVVWXGLHGE\&ROOXP 
 
 
6FKHPH0HFKDQLVWLFVFKHPHIRUDXWRFDWDO\VLVLQWKHUHDFWLRQRIZLWK3K, 
 
 
6FKHPH&RPSURSRUWLRQDWLRQUHDFWLRQRI>3K35X+@ZLWK>3K35X&O@
LQWKHSUHVHQFHRI1D, 
 
G>-,@GW N>@>3K,@>33K@-N>-,@>3K,@>33K@-  (T 
G>-,@GW N>@>-,@ FRQVW     (T 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
23 For the equilibrium between 3 and 6 shifted toward 3. 
UNIVERSITAT ROVIRA I VIRGILI 
NEW TRANSFORMATIONS BASED ON ACTIVATION OF INERT CARBON-HALOGEN BONDS WITH AND WITHOUT TRANSITION 
Miloserdov Fedor Mikhailovich 
Dipòsit Legal: T 825-2015 
Chapter 2 Mechanistic Study of Aryl Halide Activation  
 with Ruthenium (II) Hydrido Complexes	  
   147  
7RSUREHWKHSURSRVHGPHFKDQLVPRIWKHDXWRFDWDO\VLVZHREWDLQHGWKHIXOONLQHWLF
SURILOH IRU WKH UHDFWLRQ RI  ZLWK 3K, )LJXUH  0RQLWRULQJ WKH UHDFWLRQ E\ ERWK
+^3`DQG 3^+`105DOORZHGXV WR IROORZFKDQJHV LQ WKHFRQFHQWUDWLRQVRIQRW
RQO\DQG-,EXWDOVR WKH LRGREHQ]HQHFRPSOH[DQG33KUHOHDVHG LQ WKHUHDFWLRQ
7KHPRGHOVKRZQLQ6FKHPHSURGXFHGDQH[FHOOHQWILWWRWKHNLQHWLFGDWDSUHVHQWHG
LQ )LJXUH  $OWKRXJK WKH VWDUWLQJ FRPSOH[  HTXLOLEUDWHV ZLWK  .HT   
î- WKLVHTXLOLEULXP6FKHPHHVWDEOLVKHVZLWKLQ WKH WLPHRIPL[LQJ
DQG LV WKHUHIRUH PXFK IDVWHU WKDQ WKH UDWH-GHWHUPLQLQJ VWHSV RI ERWK 3K-, DFWLYDWLRQ
UHDFWLRQV 7KH FRLQFLGHQWDO VLPLODULW\ RI N    î 
-PLQ- VW VWHS (T  DQG 
N î
-PLQ-DWR&QGVWHS(TIXOILOOV WKHDERYH-GHVFULEHGFRQGLWLRQ
IRUWKH]HURWKRUGHUEHKDYLRUREVHUYHGIRUWKHGHFD\RIDQGWKHIRUPDWLRQRI-,24 
.LQHWLFVRI3K%U$FWLYDWLRQZLWK7KHIXOONLQHWLFSURILOHRIWKHUHDFWLRQRIZLWK
3K%ULQEHQ]HQHDWR&)LJXUHLVVLPLODUWRWKDWRIWKH3K,DFWLYDWLRQUHDFWLRQ
)LJXUH7KH VWUXFWXUHRI WKHSURGXFW-%UZDV DGGLWLRQDOO\ FRQILUPHGE\ VLQJOH-
FU\VWDO;-UD\ GLIIUDFWLRQ )LJXUH $VPHQWLRQHG DERYH WKH3K%U DQDORJXH RI
>3K35X+3K%U@ FRXOG QRW EH REVHUYHG ,QVWHDG VPDOO TXDQWLWLHV FD  RI
>3K35X++@  ZHUH GHWHFWHG LQ WKH UHDFWLRQ VROXWLRQ HYLGHQWO\ GXH WR WKH
UHDFWLRQ RI  ZLWK DGYHQWLWLRXV ZDWHU 6FKHPH  7KH SUHVHQFH RI  ZDV DOVR
REVHUYHGLQWKHUHDFWLRQZLWK3K,DOEHLWLQPXFKVPDOOHUTXDQWLWLHVFDOLNHO\GXH
WRWKHPLOGHUUHDFWLRQFRQGLWLRQV7KHSUHVHQFHRIRIZDVQHJOHFWHGLQWKHNLQHWLF
VFKHPHRI WKH UHDFWLRQZLWK3K, ,Q WKH FDVHRI3K%U KRZHYHU WKHSUHVHQFHRI ODUJHU
TXDQWLWLHVRISURPSWHGXV WR LQFOXGH LW LQ WKHNLQHWLFDQDO\VLVDV D VSHFLHV WKDW LV LQ 
IDVWHTXLOLEULXPZLWK 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
24 The value of k1 = 1.24 × 10-5 min-1 is applied when the equilibrium between 3 and 6 is largely shifted 
toward 3. When the quantity of 6 is significant, the observable k1 value (k1ƍGHSHQGVRQWKHSRVLWLRQRI
the equilibrium (see Experimental Section for details). For the conditions of the kinetic experiment 
(Figure 2.9), k1ƍLVHVWLPDWHGDWî-6 min-1, even closer to the k2 (6.8 × 10-6 min-1) than k1.	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)LJXUH3ORWRIFRQFHQWUDWLRQVYHUVXVWLPHIRUWKHUHDFWLRQRI>3K35X+@
0LQLWLDOFRQFHQWUDWLRQZLWK3K,0DWR&PRQLWRUHGE\+^3`DQG
3^+`105VSHFWURVFRS\'DWDSRLQWVDUHIURPWKHH[SHULPHQWDOPHDVXUHPHQWV7KH
FXUYHVDUHIURPWKHNLQHWLFPRGHO 
 
 
6FKHPH5HDFWLRQRI>3K35X+@ZLWKZDWHU
 
 
$EHWWHUH[SRQHQWLDOILWIRUWKHVHFRQGVWDJHRIWKHUHDFWLRQZLWK3K%UGHDOVZLWKWKH
GLIIHUHQFHLQWKHFRPSRVLWLRQRIWKHILQDO>3K3Q5X;@Q RUSURGXFWIRU; %U
DQGIRU; ,$VGHVFULEHGDERYHDWRWDORIHTXLYRI33KLVUHOHDVHGLQWKHUHDFWLRQ
ZLWK3K,RQHLQHDFKRIWKHWZRVWHSV6FKHPHVDQG/LNHZLVHHTXLYRI33K
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LV SURGXFHG LQ WKH ILUVW VWHS RI WKH UHDFWLRQ RI3K%UZLWK ,Q FRQWUDVW KRZHYHU WKH
VHFRQG VWHS RI WKH UHDFWLRQ LQYROYLQJ3K%U JLYHV ULVH WR RQO\ VPDOO TXDQWLWLHV RI IUHH
SKRVSKLQH$V LOOXVWUDWHG LQ6FKHPH WKLV LVGXH WR >3K35X%U@ EHLQJPRUH
SURQHWRDGG33KUDWKHUWKDQGLPHUL]HZKHUHDV>3K35X,@LVVWDELOL]HGRQO\E\
GLPHUL]DWLRQ 3KRVSKLQH FRRUGLQDWLRQ WR  JLYHV VWDEOH >3K35X%U@  WKDW LQ
FRQWUDVWZLWKHOXVLYH>3K35X,@
KDVEHHQZLGHO\NQRZQIRUQHDUO\\HDUV25DQG
VWUXFWXUDOO\ FKDUDFWHUL]HG26 1RQHWKHOHVV  KDV EHHQ VKRZQ WR SURGXFH VPDOO
TXDQWLWLHV RI >3K35X%Uȝ-%U@  DQG 33K LQ VROXWLRQ:KHQPRQLWRULQJ WKH
NLQHWLFUXQVE\3^+`105ZHREVHUYHGVLJQDOVIURPERWKEUVSSPDQG
EUVSSPLQDFDPRODUUDWLR$VDUHVXOWRQO\FDHTXLYRIIUHH33K
LV UHOHDVHG LQ WKH VHFRQG VWHSRI WKH UHDFWLRQRIZLWK3K%U7KLV WUDQVODWHV LQWR OHVV
DXWRLQKLELWLRQ DQG DV D FRQVHTXHQFH ZHDNHU GHYLDWLRQ IURP WKH H[SRQHQWLDO GHFD\
REVHUYHGIRUWKHVHFRQGVWHSLQWKHFDVHRI3K%U 
 
6FKHPH)LQDO5XGLKDOLGHSURGXFWVLQWKHUHDFWLRQVRIZLWK3K,DQGZLWK3K%U 
7KH DXWRFDWDO\VLV LQ WKH UHDFWLRQ RI  ZLWK 3K%UZDV FRQILUPHG E\ REVHUYLQJ WKH
TXLFNIRUPDWLRQRI-%UXSRQDGGLWLRQRIWRDVROXWLRQRISURGXFHGLQWKHUHDFWLRQ
RIZLWK3K%UDWR&6FKHPH7KH]HURWKRUGHUSDWWHUQREVHUYHGIRUWKHILUVW
VWHSRIWKHUHDFWLRQ)LJXUHLVGXHWRWKHFORVHSUR[LPLW\RIN î
-PLQ-
DQGN î
-PLQ- 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
25 Stephenson, T. A.; Wilkinson, G. J. Inorg. Nuclear Chem. 1966, 28, 945. 
26 MacFarlane, K. S.; Joshi, A. M.; Rettig, S. J.; James, B. R. Inorg. Chem. 1996, 35, 7304.	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)LJXUH3ORWRIFRQFHQWUDWLRQVYHUVXVWLPHIRUWKHUHDFWLRQRI0ZLWK
3K%U0DWR&PRQLWRUHGE\+^3`DQG3^+`105VSHFWURVFRS\'DWD
SRLQWVDUHIURPWKHH[SHULPHQWDOPHDVXUHPHQWV7KHFXUYHVDUHIURPWKHNLQHWLFPRGHO 
 
 
)LJXUH257(3GUDZLQJVRI>3K35X+%U@-%UZLWKDOO+DWRPVH[FHSW
5X-+RPLWWHGDQGWKHUPDOHOOLSVRLGVGUDZQWRWKHSUREDELOLW\OHYHO 
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6FKHPH&RPSURSRUWLRQDWLRQUHDFWLRQRI>3K35X+@ZLWK>3K35X%U@ 
 
.LQHWLFVRI3K&O$FWLYDWLRQZLWK7KHUHDFWLRQRIZLWKQHDW3K&ODQGLWVNLQHWLF
VWXGLHVZHUHSHUIRUPHGDWR&9LVXDOVLJQVRI WKLVUHDFWLRQZHUHVLPLODUWR WKRVHRI
WKH3K, DQG3K%UDFWLYDWLRQ UHDFWLRQVGHVFULEHGDERYH$W WKHEHJLQQLQJ WKH UHDFWLRQ
VROXWLRQ WXUQV SXUSOH WKH FRORU RI -&O DQG WKHQ HYHQWXDOO\ EURZQ ZKLFKPLJKW EH
VXJJHVWLYHRIWKHIRUPDWLRQRI>3K35X&O@,QGHHG-&OLVILUVWDFFXPXODWHGWR
\LHOG DIWHU ZKLFK LW GHFD\V +RZHYHU WKH GHFRPSRVLWLRQ RI -&O ZDV QRQVHOHFWLYH
OHDGLQJWRDFRPSOH[PL[WXUHRISURGXFWV3^+`105:HSURSRVHWKDWWKLVLVGXH
WR-&OEHLQJPRUHSURQHWRK\GURO\VLVZLWKDGYHQWLWLRXVZDWHUWKDQ-%UDQG-,7KH
NLQHWLFVRIWKHUHDFWLRQRIZLWK3K&O)LJXUHLVGLIIHUHQWIURPWKRVHREVHUYHGIRU
WKHDFWLYDWLRQRI3K,DQG3K%UZLWKDQGVKRZQLQ)LJXUHVDQGUHVSHFWLYHO\$
QHDUO\H[SRQHQWLDOGHFD\RIZLWKFRQFRPLWDQWQRQOLQHDUJURZWKRI-&O LVREVHUYHG
VKRZLQJQRXQDPELJXRXVVLJQVRIDXWRFDWDO\VLV1RQHWKHOHVVWKHODWWHUPLJKWFRQWULEXWH
WR WKH RYHUDOO SURFHVV EHFDXVH >3K35X&O@ GRHV UHDFW ZLWK  WR JLYH -&O VHH
DERYH +RZHYHU WKLV FRPSURSRUWLRQDWLRQ LV OHVV HIILFLHQW WKDQ WKDW LQYROYHG LQ WKH
UHDFWLRQV RI 3K, DQG 3K%U ,Q DGGLWLRQ WKH RYHUDOO ORZHU VHOHFWLYLW\ RI WKH 3K-&O
DFWLYDWLRQSUHFOXGHGDFFXUDWHWUHDWPHQWRIWKHNLQHWLFGDWD\LHOGLQJDQDGHTXDWHPRGHO27 
 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
27 A crude estimation provided a k2 value ca. 1 ×  10-7 min-1, assuming pseudo-first order conditions 
([PPh3] = 0.0045 M and [PhCl] = 8.22 M) and W1/2 = 3500 min. 
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)LJXUH3ORWRIFRQFHQWUDWLRQVYHUVXVWLPHIRUWKHUHDFWLRQRI>3K35X+@
0LQLWLDOFRQFHQWUDWLRQZLWK3K&O0DWR&PRQLWRUHGE\+^3`DQG
3^+`105VSHFWURVFRS\'DWDSRLQWVDUHIURPWKHH[SHULPHQWDOPHDVXUHPHQWV 
 
*HQHUDO .LQHWLF 6FKHPH )URP WKH SHUVSHFWLYH RI NLQHWLFV WKH UHDFWLRQ RI
>3K35X+@ ZLWK3K, RU3K%U )LJXUHV  DQGPD\EH FRQVLGHUHG DV D
VHTXHQFHRIWKHIROORZLQJVWHSV 
 7KH LQLWLDO WUDQVIRUPDWLRQ RI  WR  LQ URXJKO\ XS WR  FRQYHUVLRQ LV
SUHGRPLQDQWO\ DFKLHYHG WKURXJK WKH GLUHFW UHDFWLRQ RI  ZLWK WKH FRUUHVSRQGLQJ DU\O
KDOLGH UHDFWLRQV  DQG  LQ 6FKHPH  7KH H[SHULPHQWDO GHWHUPLQDWLRQ RI WKH
UHDFWLRQ RUGHUV IRU WKH 3K, DFWLYDWLRQ DORQJ ZLWK WKH FRPSXWDWLRQDO VWXGLHV EHORZ
VXJJHVWWKDWSUH-HTXLOLEULXPLVPXFKIDVWHUWKDQWKHVXEVHTXHQW&-;ERQGFOHDYDJH
$V D UHVXOW WKH NLQHWLF HTXDWLRQ IRU WKH IRUPDWLRQ RI FDQ EH VLPSOLILHG ILUVW WR
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PRUH JHQHUDO (T  DQG IXUWKHU WR (T  LI WKH SUH-HTXLOLEULXP EHWZHHQ DQG LV
ODUJHUO\VKLIWHGWR'HULYDWLRQVRI(TVDQGDUHSUHVHQWHGLQWKH([SHULPHQWDO
6HFWLRQEHORZ([WUD33KLQKLELWVWKH3K-;DFWLYDWLRQ%\VWRLFKLRPHWU\RQHHTXLYRI
33KLVUHOHDVHGSHUHDFKHTXLYRISURGXFHGLQERWKFDVHV; %U,+RZHYHULQWKH
UHDFWLRQRI3K%U33KLVUHOHDVHGJUDGXDOO\ZKHUHDVZLWKLRGREHQ]HQHLQDODUJHH[FHVV
 HTXLY D FRQVLGHUDEOH DPRXQW RI IUHH SKRVSKLQH LV SURGXFHG SULRU WR 3K-,
DFWLYDWLRQGXHWRSUH-HTXLOLEULXP 
 
G>@
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ൌ Nଶ.HT
ሾሿ>3K;@
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(TVHH6FKHPH 
ZKHUHN N.HT 
 
 
6FKHPH*HQHUDONLQHWLFVFKHPHIRUWKHUHDFWLRQEHWZHHQDQG3K; 
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$WFDWRFDFRQYHUVLRQRIWKHIRUPDWLRQRIRFFXUVVLPXOWDQHRXVO\
E\ ERWK GLUHFW DQG DXWRFDWDO\WLF SDWKZD\V (T7KH UDWH HTXDWLRQ IRU WKLV VWHS LV
GHULYHG DV D VXP RI WKH UDWHV RI WKHVH WZR SURFHVVHV $V PHQWLRQHG DERYH WKH
DXWRFDWDO\VLV LQYROYHVWZRVWHSVL WKHUDWHOLPLWLQJ3K-;DFWLYDWLRQZLWK UHDFWLRQV
 DQG  LQ 6FKHPH  DQG LL WKH IDVW FRPSURSRUWLRQDWLRQ RI WKH UHVXOWLQJ
UXWKHQLXP GLKDOLGH SURGXFW ZLWK WKH VWDUWLQJ GLK\GULGH  UHDFWLRQV  DQG  LQ
6FKHPH  3KRVSKLQH SUH-GLVVRFLDWLRQ IURP  KDV EHHQ H[SHULPHQWDOO\ FRQILUPHG
IRUERWKUHDFWLRQVZLWK3K,DQGZLWK3K%U,QSDUWLFXODUWKHUHDFWLRQZLWK3K,KDVEHHQ
IRXQG WR EH QHJDWLYH ILUVW RUGHU ZLWK UHVSHFW WR 33K 7KH H[SHULPHQWDO GDWD IRU WKH
GHFD\ RI -%U FRXOG EH VLPXODWHG RQO\ E\ LQFOXVLRQ LQ WKH NLQHWLF PRGHO RI
DXWRLQKLELWLRQZLWKWKH33KUHOHDVHG7KH>3K35X;@SURGXFWFDQFRPSURSRUWLRQDWH
ZLWK WKH DV \HW XQUHDFWHG  WR \LHOG WZR HTXLYDOHQWV RI  WKHUHE\ WULJJHULQJ WKH
DXWRFDWDO\VLV$OWKRXJK WKHPHFKDQLVP RI WKLV FRPSURSRUWLRQDWLRQ UHPDLQV XQNQRZQ
IDFLOH SKRVSKLQH GLVVRFLDWLRQ IURP  DQ -H FRRUGLQDWLYHO\-VDWXUDWHG FRPSOH[ LV
PRVWOLNHO\LQYROYHG7KHGLKDOLGHSDUWQHUFRXOGEH>3K35X;@RU>3K35X;@DV
ERWK DUH FRRUGLQDWLYHO\-XQVDWXUDWHG VSHFLHV 6FKHPH  )RU ;   , DQG %U WKH
FRPSURSRUWLRQDWLRQFRQWUROOHGE\WKHUDWHFRQVWDQWNRFFXUVPXFKIDVWHUWKDQERWK3K-
;DFWLYDWLRQVLHN!!NNZKLFKIXOILOOVWKHFULWLFDOFRQGLWLRQIRUWKHDXWRFDWDO\VLV
$OWKRXJK WKH GLFKORUR FRPSOH[ DOVR FRPSURSRUWLRQDWHVZLWK \HWPRUH VORZO\ WKH
DXWRFDWDO\VLV LQ WKH UHDFWLRQ ZLWK 3K&O LV QRW DV UHFRJQL]DEOH EHFDXVH RI WKH ORZHU
VHOHFWLYLW\ RI WKH RYHUDOO SURFHVV 7KH DYDLODEOH TXDOLWDWLYH GDWD VXJJHVW WKDW WKH
UHDFWLYLW\ RI WKH GLKDOR FRPSOH[HV WRZDUG  GHFUHDVHV LQ WKH RUGHU , ! %U !&O 7KH
VLPLODULW\RIWKHUDWHFRQVWDQWVIRUWKHGLUHFWDQGDXWRFDWDO\WLFSDWKZD\V(TUHVXOWV
LQ WKH REVHUYHG ]HURWK RUGHU EHKDYLRU%RWK WKH DXWRFDWDO\WLF DQG GLUHFW SDWKZD\V DUH
LQKLELWHGE\H[WUDSKRVSKLQH 
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ZKHUHN N.HTN N.HT 
 
 
6FKHPH3URSRVHGPHFKDQLVPIRUFRPSURSRUWLRQDWLRQRIDQG>3K3Q5X;@ 
Q RU 
 
7KHODVWRIUHDFWVSUHGRPLQDQWO\YLDWKHDXWRFDWDO\WLFSDWKZD\,WLVZRUWKWR
QRWH WKDW >3K35X++@  WKDW LV VLGH-SURGXFHG E\ K\GURO\VLV ZLWK WUDFH
DGYHQWLWLRXV ZDWHU LV ODUJHO\ FRQVXPHG DW WKLV ODWHU VWDJH 2Q WKH EDVLV RI WKLV
REVHUYDWLRQZH SURSRVH WKDW WKH DXWRFDWDO\VLV VKRXOG EH WKHPDLQPHFKDQLVP IRU WKH
UHDFWLRQ RI SXUH  ZLWK 3K; 7KH UDWH-GHWHUPLQLQJ VWHS RI WKH DXWRFDWDO\VLV LV 3K-;
ERQG DFWLYDWLRQ IRU WKH UDWH ODZ VHH (T  +RZHYHU DV WKH UHDFWLRQ RFFXUV WKH
FRQFHQWUDWLRQRIGHFUHDVHVWKHUHE\VORZLQJGRZQWKHFRPSURSRUWLRQDWLRQZKRVHUDWH
ILUVWEHFRPHVFRPSDUDEOHWRDQGHYHQWXDOO\ORZHUWKDQWKDWRIWKH3K-;DFWLYDWLRQ 
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$IWHU WKHDXWRFDWDO\VLVEHFRPHVVORZHU WKDQ WKH3K;DFWLYDWLRQZLWK WKH ODWWHU
VWRSV WRDFFXPXODWHDQGVWDUWV WRGHFD\REH\LQJ WKH UDWH ODZH[SUHVVHGE\(T$V
GLVFXVVHG DERYH WKH SURGXFW RI WKLV WUDQVIRUPDWLRQ GHSHQGV RQ WKH QDWXUH RI ; 
6FKHPH)RU; ,WKHGLPHU>3K35X,ȝ-,@LVIRUPHGDORQJZLWKDQRWKHU
HTXLY RI 33K ZKLFK LQKLELWV WKH UHDFWLRQ )RU ;   %U WKH PRQRQXFOHDU FRPSOH[
>3K35X%U@  LV SUHGRPLQDQWO\ IRUPHG WRJHWKHU ZLWK VPDOO TXDQWLWLHV RI WKH
FRUUHVSRQGLQJGLQXFOHDUFRPSOH[>3K35X%Uȝ-%U@$VDUHVXOWRQO\DVPDOO
TXDQWLW\RIIUHH33KLVSURGXFHGLQWKHUHDFWLRQRI-%UZLWK3K%UZKLFKDFFRXQWVIRU
WKHH[SHULPHQWDOO\REVHUYHGPXFKZHDNHUUHDFWLRQLQKLELWLRQ 
 
-G>@GW N>@>3K;@>33K@-  (TVHH6FKHPH 
ZKHUHN N.HT 
 
7KHNLQHWLFVWXG\GHVFULEHGDERYHSURYLGHGXVZLWKFULWLFDOPHFKDQLVWLFLQIRUPDWLRQ
RQWKH3K-;DFWLYDWLRQ; ,%UZLWKFRPSOH[HVDQG,QSDUWLFXODULWEHFDPHFOHDU
WKDW WKHVHWUDQVIRUPDWLRQVLQYROYHSKRVSKLQHGLVVRFLDWLRQEHIRUHWKHUDWHOLPLWLQJVWHS
ZKLFK ZH H[SHFWHG WR EH WKH FDUERQ-KDORJHQ ERQG FOHDYDJH DW WKH 5X FHQWHU 7KH
REVHUYHG VLPLODULW\ RI N DQG N YDOXHV LQ WKH UHDFWLRQV RI ERWK 3K%U DQG 3K, ZDV
HVSHFLDOO\ LQWULJXLQJ ,Q DQ DWWHPSW WR XQFRYHU WKH RULJLQ RI WKLV VLPLODULW\ DQG JDLQ
GHHSHU LQVLJKW LQWR LQWLPDWH GHWDLOV RI WKH 3K-;DFWLYDWLRQ SURFHVVHV D FRPSXWDWLRQDO
VWXG\ZDVSHUIRUPHG 
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&RPSXWDWLRQDO 6WXGLHV 'HQVLW\ IXQFWLRQDO WKHRU\ ')7 FDOFXODWLRQV ZHUH
LQLWLDOO\ IRFXVHG RQ WKH UHDFWLRQ RI  ZLWK 3K, IRU ZKLFK WKH H[SHULPHQWDO VWXGLHV
SURYLGHTXDQWLWDWLYHGDWDLQFOXGLQJLWKHSUH-HTXLOLEULXPIRUPDWLRQRIZLWK.HT 
î-DW.FRUUHVSRQGLQJWR'* NFDOPRODQGLLUDWHFRQVWDQWV
IRUERWK WKH IRUPDWLRQRI-, IURPDQG3K, N î-PLQ-DQG WKHRQZDUG
UHDFWLRQRI-,ZLWK3K,N î-PLQ-FRUUHVSRQGLQJWR'* DQG
NFDOPROUHVSHFWLYHO\$%3-'EHQ]HQHSURWRFROKDVEHHQXVHGLHEDVHGRQ%3
RSWLPL]DWLRQVLQWKHJDV-SKDVHZLWKIUHHHQHUJLHVFRUUHFWHGIRUGLVSHUVLRQDQGVROYDWLRQ
HIIHFWVYLDVXEVHTXHQWVLQJOHSRLQWHQHUJ\FDOFXODWLRQV7KLVDSSURDFKKDVEHHQVKRZQ
WRSHUIRUPZHOOLQSUHYLRXVVWXGLHVRI3K-,DFWLYDWLRQ287KHFRPSXWHGUHDFWLYLW\RI3K,
ZLOODOVREHFRPSDUHGZLWK3K%UDQG3K&O 
7KH UHDFWLRQ RI  ZLWK 3K, SURFHHGV YLD LQLWLDO 33K3K, VXEVWLWXWLRQ WR JLYH DQ
DGGXFW  LQ ZKLFK WKH LRGREHQ]HQH VXEVWUDWH LV ERXQG WKURXJK LRGLQH 7KLV ,-ERXQG
IRUPRIKDVDIUHHHQHUJ\RINFDOPRODQGLVNFDOPROPRUHDFFHVVLEOHWKDQ
WKHQH[WPRVWVWDEOHDOWHUQDWLYHZKLFK LVDı-FRPSOH[ERXQGWKURXJKD&PHWD-+ERQG
WKHPRVWVWDEOHʌ-ERXQGLVRPHULV,QWDWNFDOPROVHHEHORZ7KDWWKH,-ERXQG
IRUPLVPRVWDFFHVVLEOHLVFRQVLVWHQWZLWKH[SHULPHQWDOREVHUYDWLRQVWKDWLPSO\VXFKD
VWUXFWXUH WR EH IDYRUHG 7ZR &-, ERQG DFWLYDWLRQ SURFHVVHV FRXOG EH FKDUDFWHUL]HG
GLUHFWO\IURP)LJXUH7KHILUVWLVDFRQFHUWHGR[LGDWLYHDGGLWLRQYLD76,QW
DWNFDOPRODQGIHDWXUHVHORQJDWLRQRIWKH&-,ERQGZLWKFRQFRPLWDQW5X-3KDQG
5X-,ERQGIRUPDWLRQ$VWKLVRFFXUVDUHGXFWLYHFRXSOLQJRIWKHWZRK\GULGHOLJDQGVLV
DOVRVHHQDQGWKHVSHFLHVIRUPHG,QW* NFDOPROH[KLELWVDQHORQJDWHGK-+ 
 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
28 Miloserdov, F. M.; McMullin, C. L.; Belmonte, M. M.; Benet-Buchholz, J.; Bakhmutov, V. I.; 
Macgregor, S. A.; Grushin, V. V. Organometallics 2014, 33, 736. 
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)LJXUH5HDFWLRQSDWKZD\%3-'EHQ]HQHNFDOPROIRU3K-,DFWLYDWLRQDW
LRGREHQ]HQHDGGXFW3 33K$OOIUHHHQHUJLHVDUHTXRWHGUHODWLYHWRIUHH3K,
VHWWRNFDOPROVHOHFWHGGLVWDQFHVLQcDQGDQJOHVLQGHJUHHV 
 
OLJDQG ++    c WUDQV WR LRGLGH29 ,QW FDQ WKHQ UHDGLO\ XQGHUJR UHGXFWLYH
HOLPLQDWLRQWRIRUPEHQ]HQHDQG-,DVSURGXFWV* -NFDOPRO 
7KH VHFRQG&-, DFWLYDWLRQ SDWKZD\ GHULYHG GLUHFWO\ IURP  GUDZV RQ WKH SUHYLRXV
ZRUN RI:KLWWOHVH\0DFJUHJRU DQG FRZRUNHUV RQ WKH K\GURGHIOXRULQDWLRQ +') RI
IOXRURDURPDWLFVDW5X-1+&FRPSOH[HV30ZKLFKVKRZHGKRZQXFOHRSKLOLFDWWDFNE\D
K\GULGHOLJDQGFDQLQGXFH&-;ERQGFOHDYDJH$VLPLODUSURFHVVZDVFKDUDFWHUL]HGKHUH
ZKHUH+-WUDQVIHURQWRWKHDUHQHULQJFDXVHGDFRQFHUWHGGLVSODFHPHQWRILRGLGHGLUHFWO\
RQWR WKH5XYLD76-,DWNFDOPRO+RZHYHUERWKSDWKZD\V LQ)LJXUH
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
29 For K2-H2 complexes such as Int1 we tested for alternative dihydride, formally Ru(IV) isomers but 
these could not be located as either a singlet or a high spin triplet form. 
30 (a) Panetier, J. A.; Macgregor, S. A.; Whittlesey, M. K. Angew. Chem., Int. Ed. 2011, 50, 2783. (b) 
Macgregor, S. A.; McKay, D.; Panetier, J. A.; Whittlesey, M. K. Dalton Trans. 2013, 42, 7386. (c) 
McKay, D.; Riddlestone, I. M.; Macgregor, S. A.; Mahon, M. F.; Whittlesey, M. K. ACS Catal. 2015, 5, 
776.	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HQWDLOEDUULHUVDERYHNFDOPRODQGVRDUHVLJQLILFDQWO\KLJKHUWKDQWKHYDOXHRI
NFDOPROGHULYHGIURPH[SHULPHQW$OWHUQDWLYHURXWHVZHUHWKHUHIRUHFRQVLGHUHG 
7KHSUHYLRXVZRUNRI:KLWWOHVH\DQG0DFJUHJRUDOVRKLJKOLJKWHGWKHLPSRUWDQFHRI
PHFKDQLVPVLQYROYLQJS-ERXQGLQWHUPHGLDWHVDQGVRWKLVSRVVLELOLW\ZDVDVVHVVHGKHUH
)LJXUH  6XFK D VSHFLHV ,QW *    NFDOPRO FDQ EH DFFHVVHG YLD
GLVVRFLDWLRQ RI 3K, IURP  WR JLYH  DQG IUHH 3K, DW  NFDOPRO DQG WKHQ UH-
DVVRFLDWLRQ WKURXJK 76,QW DW  NFDOPRO ,QW IHDWXUHV DQ DV\PPHWULFDOO\
ERXQGDUHQH5X-&LSVR c5X-&RUWKR cDVZHOODVDVLJQLILFDQWO\HORQJDWHG
&-,GLVWDQFHRIcFIDFRPSXWHGYDOXHRIcLQIUHHLRGREHQ]HQH&-,ERQG
FOHDYDJH LQ ,QW LV WKHUHIRUH UHDGLO\ DFFHVVLEOH DQG RFFXUV YLD 76,QW,QW 
*    NFDOPRO LQ D SURFHVV FRUUHVSRQGLQJ WR WKH QXFOHRSKLOLF GLVSODFHPHQW RI
LRGLGHIURPWKHDUHQHULQJE\WKH5XFHQWHU317KLVOHDGVWR,QW* NFDOPROD
FDWLRQLF5X-3KVSHFLHVZKLFKDOVRIHDWXUHVDQK-+OLJDQG+-+ cDVDUHVXOWRI
UHGXFWLYHFRXSOLQJRI WKH WZRK\GULGH OLJDQGV7KHGLVSODFHG LRGLGH LQ,QW LV ORRVHO\
DVVRFLDWHGZLWKWKH+OLJDQG+, cKRZHYHUPRYLQJWKLVDQLRQWRWKHYDFDQW
VLWH WUDQV WR 3K OLJDQG JLYHV D PXFKPRUH VWDEOH VSHFLHV ,QW *    NFDOPRO
ZKLFKLVDQLVRPHURI,QWZLWKWKHȘ-+OLJDQGQRZWUDQVWR33K$VIRXQGIRU,QW
IDFLOHK\GURJHQRO\VLVRIWKH5X-3KERQGFDQRFFXUDQGKHUHSURFHHGVYLD76,QW-,
DW  NFDOPRO32 7KH RYHUDOO UDWH-OLPLWLQJ WUDQVLWLRQ VWDWH LQ )LJXUH  LV
76,QWDQGHTXDWHVWRDQRYHUDOOEDUULHURINFDOPRO7KLVLVERWKVLJQLILFDQWO\
PRUHDFFHVVLEOH WKDQ WKHSDWKZD\V LQ)LJXUHDQGEHWWHU UHIOHFWV WKH H[SHULPHQWDO
YDOXHRINFDOPRO 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
31 As TS(Int2Int3) involves iodide dissociation we also optimised this species in benzene solvent, but 
found neither the geometry nor the relative energy (G = +26.3 kcal/mol) to be significantly affected. 
32 An alternative onward pathway involving deprotonation of the K2-H2 ligand in Int3 by iodide was also 
assessed but the transition state for this step lies 4.4 kcal/mol above TS(Int4I-2). 
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)LJXUH5HDFWLRQSDWKZD\%3-'EHQ]HQHNFDOPROIRU3K-,DFWLYDWLRQYLD
,QW3 33K)UHHHQHUJLHVDUHTXRWHGUHODWLYHWRIUHH3K,VHWWRNFDOPRO
VHOHFWHGGLVWDQFHVLQcD5HGXFWLYHHOLPLQDWLRQLQYROYHVDQLQWHUPHGLDWH&+-ERXQG
&+V-FRPSOH[DWNFDOPRO 
 
2QFH IRUPHG -, FDQ DOVR HIIHFW 3K-, DFWLYDWLRQ DQG WKLV SURFHVV DV ZLWK WKH
HTXLYDOHQWUHDFWLRQDWVKRZVDQLQYHUVHGHSHQGHQFHRQ>33K@FRQVLVWHQWZLWKLQLWLDO
33K3K, H[FKDQJH 7KH FDOFXODWLRQV VXJJHVW WKLV UHVXOWV LQ WKH IRUPDWLRQ RI ,QW 
* NFDOPRODVDQ,-ERXQGLRGREHQ]HQHDGGXFW)LJXUHZKLFKFDQWKHQ
LVRPHUL]HWR,QW* NFDOPROLQZKLFKWKHPDMRULQWHUDFWLRQLVZLWKWKH LSVR
FDUERQ5X-&LSVR cZLWKVLJQLILFDQWOHQJWKHQLQJRIWKH&-,ERQGc,QW
SURYLGHV DFFHVV WR D IDFLOH -FHQWHUHG R[LGDWLYH DGGLWLRQ YLD 76,QW,QW DW 
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 NFDOPRO33 7KH LQLWLDO SURGXFW RI &-, ERQG DFWLYDWLRQ LV ,QW *   
NFDOPROZKLFKKDVDQXQXVXDOVWUXFWXUHIHDWXULQJDUDWKHUVKRUW&LSVR+QRQ-ERQGHG
GLVWDQFHRIc7KLVFRXOGEHLQWHUSUHWHGDVDQµHORQJDWHGEHQ]HQHV-FRPSOH[¶ZLWK
D VTXDUH-S\UDPLGJHRPHWU\ DW5XDQ D[LDO33K OLJDQGDQG µ&+¶RFFXS\LQJDEDVDO
SRVLWLRQ WUDQV WR LRGLGH WUDQV-,-5X-&LSVR    WUDQV-,-5X-+LSVR    $OWKRXJK
,QW LV D ZHOO-GHILQHG VWDWLRQDU\ SRLQW WKH WUDQVLWLRQ VWDWH IRU WKH VXEVHTXHQW 3K-+
UHGXFWLYH HOLPLQDWLRQ OLHV  NFDOPRO ORZHU LQ IUHH HQHUJ\ LQGLFDWLQJ WKH IDFLOH
IRUPDWLRQRI>3K35X,@-,SOXVIUHHEHQ]HQHDW-NFDOPRO 
 
 
)LJXUH5HDFWLRQSDWKZD\%3-'EHQ]HQHNFDOPROIRU3K-,DFWLYDWLRQZLWK
-,3 33K)UHHHQHUJLHVDUHTXRWHGUHODWLYHWR-,IUHH3K,VHWWRNFDOPRO
VHOHFWHGGLVWDQFHVLQcDQGDQJOHVLQGHJUHHVD5HGXFWLYHHOLPLQDWLRQLQYROYHVDQ
LQWHUPHGLDWH&+-ERXQG&+V-FRPSOH[DWNFDOPRO 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
33 Alternative pathways based on direct hydride attack (in either Int5 or Int6) or via nucleophilic 
displacement by Ru (in Int6) could not be characterized, with optimizations failing or converging on 
TS(Int6Int7) instead. 
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7KHWZRIDYRUHGSDWKZD\VFRPSXWHGIRU&-,DFWLYDWLRQDWDQG-,KDYHFDOFXODWHG
RYHUDOO EDUULHUV RI  NFDOPRO DQG  NFDOPRO UHVSHFWLYHO\ DQG VR DUH LQ JRRG
DJUHHPHQW ZLWK WKH YDOXHV GHWHUPLQHG H[SHULPHQWDOO\ ZKLOH UHLWHUDWLQJ WKH VLPLODU
EDUULHUVIRU&-,DFWLYDWLRQDWERWKWKHVHVSHFLHV)RU-,WKH&-,ERQGFOHDYDJHWUDQVLWLRQ
VWDWH76,QW,QW LVWKHKLJKHVWSRLQWRQWKHSURILOHDQGWKLV OLHVPDUJLQDOO\DERYH
WKH SUHFHGLQJ LVRPHULVDWLRQ WUDQVLWLRQ VWDWH DW  NFDOPRO WKDW OLQNV ,-ERXQG ,QW
DQGS-ERXQG ,QW)RU WKHKLJKHVW WUDQVLWLRQ VWDWH FRUUHVSRQGV WR WKH DVVRFLDWLRQRI
3K, WR IRUP WKH ʌ-ERXQG SUHFXUVRU ,QW YLD76,QW DQG WKH &-, ERQG DFWLYDWLRQ
WUDQVLWLRQVWDWH LVVRPHZKDW ORZHU LQHQHUJ\DWNFDOPRO7KHQDWXUHRI WKH&-,
ERQGFOHDYDJHHYHQWDOVRGLIIHUVLQWKHWZRV\VWHPVQXFOHRSKLOLFGLVSODFHPHQWRILRGLGH
E\ 5X LQ 76,QW,QW RU D PRUH FRQYHQWLRQDO FRQFHUWHG R[LGDWLYH DGGLWLRQ LQ
76,QW,QW 7KLV GLIIHUHQFHPD\ VWHP IURP WKH JUHDWHU VWHULF HQFXPEUDQFH RI WKH
^3K35X+`PRLHW\ LQ76,QW,QW WKDWGRHVQRW UHDGLO\SURYLGHDFFHVV WR WZR
DGGLWLRQDO FRRUGLQDWLRQ VLWHVZLWK WKH UHVXOW WKDW LRGLGH LV LQLWLDOO\ H[SHOOHG IURP WKH
LQQHU FRRUGLQDWLRQ VSKHUH ,Q FRQWUDVW LQ76,QW,QW WKH VPDOOHU ^3K35X+,`
PRLHW\ SHUPLWV D FRQFHUWHG R[LGDWLYH DGGLWLRQZLWK IRUPDWLRQ RI WKH QHZ5X-3K DQG 
5X-, ERQGV 7KH FRPSXWHG JHRPHWULHV IRU WKH NH\ LQWHUPHGLDWHV DQG WUDQVLWLRQ VWDWHV
LQYROYHGLQWKH3K-,DFWLYDWLRQZLWKDQG-,DUHVKRZQLQ)LJXUH 
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)LJXUH&RPSXWHGJHRPHWULHVIRUVHOHFWHGNH\LQWHUPHGLDWHVDQGWUDQVLWLRQVWDWHV
LQYROYHGLQWKH3K-,DFWLYDWLRQZLWKDQG-, 
76±,QW 
,QW 
76,QW±,QW 
76,QW±,QW 
,QW 
76,QW±,QW 
/HJHQG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)XUWKHUFDOFXODWLRQVVKRZHGDQDORJRXVSDWKZD\VWREHRSHUDWLYHIRU3K-%UDFWLYDWLRQ
DWDQG-%UZLWKFRPSXWHGEDUULHUVRINFDOPRODQGNFDOPROUHVSHFWLYHO\
7KHVHDUHDJDLQ LQJRRGDJUHHPHQWZLWK WKHUDWHFRQVWDQWVGHWHUPLQHGH[SHULPHQWDOO\
ZKLFK FRUUHVSRQG WR IUHH HQHUJLHV RI DFWLYDWLRQ RI  NFDOPRO DQG  NFDOPRO
UHVSHFWLYHO\7KHVDPHPHFKDQLVPVDUHDOVRLQSOD\IRU3K-&ODFWLYDWLRQZLWKFRPSXWHG
EDUULHUVRINFDOPRODWDQGNFDOPRODW-&O)RUWKHUHDFWLRQVRI3K%UDQG
3K&O DW  WKH UDWH-GHWHUPLQLQJ WUDQVLWLRQ VWDWH FRUUHVSRQGV WR WKH&-; FOHDYDJH VWHS
UDWKHU WKDQ WKH IRUPDWLRQ RI WKHS-ERXQGSUHFXUVRUV347KLV UHIOHFWV LQFUHDVHG EDUULHUV
DVVRFLDWHGZLWKFOHDYLQJWKHVWURQJHU&-%UDQG&-&OERQGVEXWDOVRDWUHQGWRZDUGVD
ZHDNHU5X-;LQWHUDFWLRQDQGKHQFHPRUHIDFLOH UHDUUDQJHPHQW WKH%UDQG&O-ERXQG
DQDORJXHV RI  OLH  NFDOPRO DQG  NFDOPRO DERYH  DQG WKH IUHH KDORDUHQH
UHVSHFWLYHO\FRPSDUHGWRNFDOPROIRULWVHOI 
([WHQVLYHWHVWLQJZDVDOVRSHUIRUPHGRQWKHFRPSXWHGGDWDYLDVLQJOHSRLQWHQHUJ\
FDOFXODWLRQVXVLQJDUDQJHRIIXQFWLRQDOVDSSOLHGWRWKH%3-RSWLPLVHGJHRPHWULHV$V
DOUHDG\ QRWHG WKH %3-' DSSURDFK SURGXFHV H[FHOOHQW DJUHHPHQW ZLWK WKH
H[SHULPHQWDOGDWDLQWHUPVRIERWKWKHDEVROXWHEDUULHUVLQYROYHGDQGLQUHSURGXFLQJWKH
VLPLODU EDUULHUV IRU 3K, DFWLYDWLRQ DW ERWK  DQG -, ,QFOXVLRQ RI WKH GLVSHUVLRQ
FRUUHFWLRQ LV FUXFLDO LQREWDLQLQJ WKLVJRRGDJUHHPHQWDV LQ LWVDEVHQFH WKHFRPSXWHG
EDUULHUVDUHFDNFDOPROWRRORZ7KLVUHIOHFWVWKHFRQWULEXWLRQRIWKH33K3K,OLJDQG
VXEVWLWXWLRQVWHSWRWKHRYHUDOO3K,DFWLYDWLRQEDUULHUDQGWKHVHQVLWLYLW\RIWKLVSURFHVVWR
GLVSHUVLRQ HIIHFWV LQ SDUWLFXODU ZKHQ WKH SDUWLFLSDWLQJ OLJDQGV KDYH VLJQLILFDQWO\
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
34 Location of TS(6-5) (for X = Br and Cl) and of TS(5-Int2) (for X = Cl) proved problematic, however 
linear transits clearly showed these structures were more accessible than the relevant C-X bond cleavage 
transition state TS(Int2-Int3). In addition for X = Cl, Ph-Cl cleavage via TS(Int2-Int3) leads to 
deprotonation of the H2 adduct Int3 by Cl-. Facile product formation then occurs via protonolysis of the 
Ru-Ph bond by HCl. 
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GLIIHUHQWVWHULFEXON35362WKHUSXUHDQGK\EULGIXQFWLRQDOVGLVSOD\HGVLPLODUEHKDYLRU
ZLWKRXW UHDFKLQJ WKH JRRG DJUHHPHQW VHHQ ZLWK WKH %3-' DSSURDFK ,Q FRQWUDVW
IXQFWLRQDOV LQFRUSRUDWLQJGLVSHUVLRQHIIHFWVZHUH OHVVVXFFHVVIXOHLWKHURYHUHVWLPDWLQJ
0-;Z%['RUXQGHUHVWLPDWLQJWKHEDUULHUV0/RUJLYLQJUDWKHUGLIIHUHQW
EDUULHUV IRU 3K, DFWLYDWLRQ DW  DQG -, HJ 0 '*    NFDOPRO DQG 
NFDOPROUHVSHFWLYHO\ 
7KHH[SHULPHQWDOVWXG\DOVRTXDQWLILHGWKHIUHHHQHUJ\FKDQJHIRU33K3K,H[FKDQJH
DWWRJLYH'* NFDOPRODQGWKXVSURYLGHGDIXUWKHUEHQFKPDUNIRUWKH
FDOFXODWLRQV ,Q WKLV FDVH WKH YDOXH FRPSXWHG ZLWK %3-' LV UDWKHU WRR KLJK 
NFDOPROZKHUHDV0VKRZVLPSURYHGSHUIRUPDQFH'* NFDOPRO 
$ IXUWKHU LVVXH WKDW FDQ EH DVVHVVHG FRPSXWDWLRQDOO\ LV WKH EHKDYLRU RI WKH
>3K35X;@VSHFLHV-;LQLWLDOO\IRUPHGXSRQ3K-;DFWLYDWLRQDW-;,QSDUWLFXODU
WKHHDVHRIFRPSURSRUWLRQDWLRQZLWKWKH>3K35X+@SUHFXUVRULVFUXFLDODVWKLV
UHIRUPV-;DQGVRGULYHVWKHDXWRFDWDO\VLVVHHQLQWKHUHDFWLRQVRI3K,DQG3K%U7KH
FRPSXWHG WKHUPRG\QDPLFV IRU FRPSURSRUWLRQDWLRQ DQG 33K DGGLWLRQ DV ZHOO DV
GLPHUL]DWLRQ VHH EHORZ DUH VKRZQ LQ )LJXUH  ZLWK UHVXOWV FRPSXWHG DW WKH 
%3-'DQGLQSDUHQWKHVLV0OHYHOV%RWKDSSURDFKHVVKRZWKHVDPHSDWWHUQIRU
HDFK SURFHVV LH WKH HDVH RI FRPSURSRUWLRQDWLRQ IROORZV WKH WUHQG;  , !%U !&O
ZKLOHWKHRSSRVLWHWUHQGLVFRPSXWHGIRU33KDGGLWLRQ+RZHYHUWKHEDODQFHRIWKHVH
WZRSURFHVVHVGHSHQGVRQWKHIXQFWLRQDOZLWK%3-'33KDGGLWLRQLVIDYRUHGRYHU
FRPSURSRUWLRQDWLRQIRUDOO;ZKHUHDVWKHRSSRVLWHLVWUXHZLWK0,QWKLVUHJDUGWKH 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
35 (a) Algarra, A. G.; Cross, W. B.; Davies, D. L.; Khamker, Q.; Macgregor, S. A.; McMullin, C. L.; 
Singh, K. J. Org. Chem. 2014, 79, 1954. (b) McMullin, C. L.; Jover, J.; Harvey, J. N.; Fey, N. Dalton 
Trans. 2010, 39, 10833. 
36 For other examples highlighting the importance of dispersion corrections in phosphine dissociation 
energies see: (a) Ahlquist, M. S. G.; Norrby, P. O. Angew. Chem., Int. Ed. 2011, 50, 11794. (b) 
Minenkov, Y.; Occhipinti, G.; Jensen, V. R. J. Phys. Chem. A 2009, 113, 11833. (c) Ryde, U.; Mata, R. 
A.; Grimme, S. Dalton Trans. 2011, 40, 11176. (d) Sieffert, N.; Buehl, M. Inorg. Chem. 2009, 48, 4622. 
(e) Zhao, Y.; Truhlar, D. G. Org. Lett. 2007, 9, 1967.	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ODWWHUDSSURDFKPRUHFORVHO\FDSWXUHVH[SHULPHQWDVFRPSURSRUWLRQDWLRQRFFXUVUHDGLO\
IRU ;   , DQG %U DQG PD\ DOVR RFFXU WR VRPH H[WHQW ZLWK -&O DOEHLW LQ WKLV FDVH
REVFXUHGE\RWKHUGHFRPSRVLWLRQSURFHVVHV 
([SHULPHQWDOO\RQFHDOORIKDVEHHQFRQVXPHGWKHIDWHRI-;DJDLQGHSHQGVRQ;
GLPHU IRUPDWLRQ ;   , RU 33K DGGLWLRQ GRPLQDQW IRU ;   %U DQG H[FOXVLYH IRU 
; &O+HUH0SURYLGHV LPSURYHGSHUIRUPDQFH IDYRULQJGLPHUL]DWLRQ IRU;  ,
33K DGGLWLRQ IRU ;   &O DQG VXJJHVWLQJ WKHVH SURFHVVHV ZLOO EH LQ FRPSHWLWLRQ IRU 
; %U2YHUDOOLWDSSHDUVWKDWWKHWKHUPRG\QDPLFVRIWKHVHOLJDQGH[FKDQJHSURFHVVHV
LQ WKH FXUUHQW V\VWHP DUH EHWWHU PRGHOOHG ZLWK WKH 0 IXQFWLRQDO KRZHYHU WKLV
DSSURDFKFDQQRWFRPSHWHZLWK%3-'LQWHUPVRIPRGHOLQJWKHDYDLODEOHNLQHWLFGDWD
2XU VWXG\ LQGLFDWHV WKDW QR VLQJOH IXQFWLRQDO LV DEOH WR UHSUHVHQW DOO DVSHFWV RI WKLV
V\VWHP LW DOVR HPSKDVL]HV WKH JUHDW YDOXH RI KDYLQJ TXDQWLWDWLYH H[SHULPHQWDO GDWD
DYDLODEOHDVDSUREHRIWKHDFFXUDF\RIWKH')7PHWKRGRORJ\ 
 
 
)LJXUH&RPSXWHGIUHHHQHUJ\FKDQJHVNFDOPROIRUWKHFRPSURSRUWLRQDWLRQRI 
-;ZLWKWRJLYH-;DQGWKHFRPSHWLQJSURFHVVHV33KDGGLWLRQWR-;DQG
GLPHUL]DWLRQWR-;5HVXOWVDUHIRU%3-'DQGLQSDUHQWKHVLV0%3ERWK
FRUUHFWHGIRUEHQ]HQHVROYHQW 
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'LVFXVVLRQ RI WKH 0HFKDQLVP 7KH UHDFWLRQ PHFKDQLVP LV VXPPDUL]HG LQ 
6FKHPH7KHREVHUYHG]HURWKRUGHUNLQHWLFVLVGXHWRN§NLHURXJKO\WKHVDPH
UHDFWLYLW\RIDQGWRZDUG3K;; ,%UIRUWKHVDPH;$VFDQEHVHHQIURP7DEOH
 WKH H[SHULPHQWDOO\ GHWHUPLQHG DQG %3-'-GHULYHG DFWLYDWLRQ EDUULHUV IRU WKH
UHDFWLRQVRI3K;ZLWKNDUHUHPDUNDEO\FORVHWRWKRVHZLWKWKHFRUUHVSRQGLQJ-;
N7KHFRPSXWHG'*YDOXHVGHYLDWH IURPWKHH[SHULPHQWDOO\GHWHUPLQHGRQHVRQO\
E\-NFDOPROVKRZLQJDQH[FHOOHQWDJUHHPHQWRI WKH%3-'DQGNLQHWLFGDWD
7DEOH/HWXVFRQVLGHUIDFWRUVGHWHUPLQLQJWKHDELOLW\RIDQGWRFOHDYHWKH3K-;
ERQG 
 
 
6FKHPH0HFKDQLVPRIWKHUHDFWLRQRIZLWK3K;LQFOXGLQJWZR&-;DFWLYDWLRQV
DQGDXWRFDWDO\VLV 
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7DEOH  ([SHULPHQWDOO\ GHWHUPLQHG DQG FRPSXWHG ǻ* YDOXHV NFDOPRO IRU WKH
UHDFWLRQVRIVWDFWLYDWLRQDQG-;QGDFWLYDWLRQZLWK3K; 
 
VW3K-;$FWLYDWLRQ QG3K-;$FWLYDWLRQ 
([SHULPHQW ')7 ([SHULPHQW ')7 
,  D   
%U     
&O -  E  
a Highest lying transition state corresponds to PhI addition to form a S-bound precursor 
(Int2); in all other cases Ph-X cleavage is rate-limiting. b See footnote 27. 
 
 
7R ELQG WR WKH 3K; VXEVWUDWH WKH5X FHQWHUPXVW EH /HZLV DFLGLF&RRUGLQDWLYHO\
VDWXUDWHG -H  PXVW DQG GRHV ORVH RQH SKRVSKLQH SULRU WR WKH 5X-;3K ERQG
IRUPDWLRQ ,QFRQWUDVW LVD-FRRUGLQDWH-HVSHFLHVZLWKDYDFDQWFRRUGLQDWLRQVLWH
RQ5XWKDWLQSULQFLSOHFRXOGDFFHSWDQHOHFWURQSDLUGRQRU+RZHYHUWKH/HZLVDFLGLW\
RIPD\EHUHGXFHGGXHWRWKHʌ-GRQDWLRQIURPWKHKDOLGHZKLFKLQFUHDVHVLQWKHRUGHU
,%U&O37387KHUHIRUHDVVKRZQH[SHULPHQWDOO\VHHDERYHSKRVSKLQHGLVVRFLDWLRQ
QRW RQO\ IURP  EXW DOVR IURP  LV UHTXLUHG SULRU WR 3K; ELQGLQJ WR WKH 5X DQG
VXEVHTXHQW&-;ERQGDFWLYDWLRQ 
$IWHU WKH KDORJHQ RI 3K; FRRUGLQDWHV WR WKH PHWDO FHQWHU RI WKH UHDFWLYH VSHFLHV
>3K35X+@ 
VW DFWLYDWLRQ 6FKHPH  RU >3K35X;+@ 
QG DFWLYDWLRQ
6FKHPH  WKH KDORJHQ-ERXQG DGGXFW UHDUUDQJHV WR WKH ʌ-ERXQG Ș-3K; FRPSOH[
EHIRUH WKH&-;ERQGFDQEH FRPSOHWHO\EURNHQDW WKHPHWDO7KLVHQHUJHWLFDOO\XSKLOO
LVRPHUL]DWLRQ LV DFFRPSDQLHG E\ VXEVWDQWLDO 3K-; ERQG HORQJDWLRQ DQG KHQFH
FRQWULEXWHV QRWLFHDEO\ WR WKH RYHUDOO DFWLYDWLRQ SURFHVV 6WHULF IDFWRUV DUH KHDYLO\
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
37 (a) Caulton, K. G. New J. Chem. 1994, 18, 25. (b) Poulton, J. T.; Sigalas, M. P.; Folting, K.; Streib, W. 
E.; Eisenstein, O.; Caulton, K. G. Inorg. Chem. 1994, 33, 1476. 
387KHʌ-GRQDWLRQPLJKWEHFRXQWHUEDODQFHGWRVRPHH[WHQWE\VWHULFHIIHFWVLHWKHVL]HRIWKHKDORJHQ
DWRP,!%U!&ORQ5XLQ 
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LQYROYHGLQWKLVVWHS,QWKHFDVHRI3K,UHDFWLQJZLWKWKHȘ-3K,LQWHUPHGLDWH,QWLV
SDUWLFXODUO\ FURZGHG DQG WKH IRUPDWLRQ RI WKLV VSHFLHV LV FRPSXWHG WR EH WKH UDWH-
OLPLWLQJVWHSRIWKHHQWLUHSURFHVV 
%RWKVWHULFIDFWRUVDQGHOHFWURQGRQDWLRQIURP5XWRWKHʌ-ERXQGKDOREHQ]HQHOLJDQG
SOD\DFULWLFDOUROHLQWKH3K-;FOHDYDJHHYHQW,QWKHUDWH-GHWHUPLQLQJWUDQVLWLRQVWDWHV
RIWKHVWUHDFWLRQWKH5XDWRPEHDUVWKUHH33KOLJDQGVWZRK\GULGHVDQG3K;7KHLU
FRQJHQHUVLQWKHQGRQZDUGUHDFWLRQDUHQRWDVHOHFWURQULFK\HWOHVVVWHULFDOO\FURZGHG
ZLWKRQO\WZRSKRVSKLQHVRQHK\GULGHRQHKDORJHQDQG3K;LQWKHILUVWFRRUGLQDWLRQ
VSKHUH 7KHVH GLIIHUHQFHV DSSDUHQWO\ FDQFHO HDFK RWKHU RXW ZKLFK UHVXOWV LQ VLPLODU
UHDFWLYLW\ RI DQG WRZDUG 3K;7KH&-;ERQG LV FOHDYHG E\ YLDZKDWPLJKW EH
IRUPDOO\ YLHZHG DV DQ61-W\SH UHDFWLRQ DQGE\ LQ D WKUHH-FHQWHU FRQFHUWHGPDQQHU
$OWKRXJK WKH WZR WUDQVLWLRQV VWDWHV GLVSOD\ GLIIHUHQW JHRPHWULHV )LJXUH  DQG 
7DEOH  ERWK DFWLYDWLRQV DUH R[LGDWLYH DGGLWLRQ UHDFWLRQV ZLWK D IORZ RI HOHFWURQV
IURP 5X,, WR WKH ʌ-ERXQG 3K; PROHFXOH LQ FRPSDUDEOH OLJDQG HQYLURQPHQWV
2[LGDWLYH DGGLWLRQ WR 5X,, LPSOLHV WKH IRUPDWLRQ RI 5X,9 +RZHYHU WKH KLJKHU
IRUPDO R[LGDWLRQ VWDWH LV PLWLJDWHG E\ WKH VLPXOWDQHRXV UHGXFWLYH FRXSOLQJ RI WZR
K\GULGHVLQ,QWVW&-;DFWLYDWLRQDQGWKHVKRUW3K+QRQ-ERQGLQJFRQWDFWLQ,QW
QG&-;DFWLYDWLRQ&RQVHTXHQWO\ERWKUHDFWLRQVDUHJRYHUQHGE\FRPSDUDEOHIDFWRUV
ZKLFK DSSDUHQWO\ UHVXOWV LQ VLPLODU EDUULHUV IRU WKH ILUVW DQG IRU WKH VHFRQG DFWLYDWLRQ
VWHSVIRUWKHVDPHKDORDUHQHVXEVWUDWH6FKHPH397KHVLPLODUUHDFWLYLW\RIDQG
WRZDUG 3K; IRU WKH VDPH ; LV D QRWDEOH FRLQFLGHQFH WKDW WUDQVODWHV LQ D UHPDUNDEO\
LQWHUHVWLQJNLQHWLFFDVH 
 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
39 The similarity of the Ru±C distances in TS(Int2-Int3) and TS(Int6-Int7) might be a sign of similarity of 
the C-X bond activation with 3 and 2. 
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7DEOH6HOHFWHGJHRPHWU\SDUDPHWHUVRI76,QW,QWDQG76,QW,QW 
 
; , ; %U ; &O 
76 
,QW-,QW 
76 
,QW-,QW 
76 
,QW-,QW 
76 
,QW-,QW 
76 
,QW-,QW 
76 
,QW-,QW 
&±;c 3.04 2.44 3.02 2.23 2.87 2.10 
5X±&c 2.08 2.08 2.05 2.06 2.05 2.05 
5X±&±;R 122 80 119 78 115 77 
 
$FWLYDWLRQ RI 3K, ZLWK  LQ WKH SUHVHQFH RI VW\UHQH $V GHVFULEHG DERYH WKH
>3K35X++@ -VW\UHQH V\VWHP LV YDVWO\ PRUH UHDFWLYH WRZDUG 3K; 
6FKHPHWKDQDQG,WZDVRULJLQDOO\SURSRVHGWKDWWKHH[FHSWLRQDODFWLYLW\RI
-VW\UHQH GHDOW ZLWK WKH HIILFLHQW JHQHUDWLRQ RI >3K35X+@  LQ KLJK
FRQFHQWUDWLRQVYLDVW\UHQHK\GURJHQDWLRQ6FKHPH,IWKDWZDVWKHFDVHWKHUHDFWLRQ
RI0VW\UHQHHTXLYDQG3K,HTXLYLQ&'DW
R&ZRXOGTXLFNO\
SURGXFHHWK\OEHQ]HQHDQGWKDWZRXOGWKHQGHFD\WR-,DWFRQYHUVLRQDIWHUFDK
DV SUHGLFWHG E\ WKH HVWDEOLVKHG NLQHWLF PRGHO +RZHYHU WKH UHDFWLRQ XQGHU VXFK
FRQGLWLRQV L ZDV PXFK IDVWHU Ĳ  K LL SURGXFHG HWK\OEHQ]HQH DQG -,
VLPXOWDQHRXVO\ DQG LLL H[KLELWHG WKH SUHVHQFH RI RQO\ VPDOO TXDQWLWLHV RI  
WKURXJKRXW WKH UXQ7KHVH REVHUYDWLRQVZHUH REYLRXVO\ LQFRQVLVWHQWZLWK WKH RULJLQDO
SURSRVDORIVW\UHQHK\GURJHQDWLRQZLWKIROORZHGE\3K-,FRRUGLQDWLRQWRWKHUHVXOWDQW
 WR JLYH ULVH WR  DQG VXEVHTXHQW 3K-, DFWLYDWLRQ &OHDUO\ D GLIIHUHQW VHTXHQFH RI
WUDQVIRUPDWLRQV JRYHUQV WKH 3K, DFWLYDWLRQ ZLWK -VW\UHQH )RU LQVWDQFH WKH UHDFWLRQ
VHTXHQFHVKRZQLQ6FKHPH LVFRQFHLYDEOH)LUVWRQH33KLQ-H LVGLVSODFHG
ZLWKVW\UHQHYLDDGLVVRFLDWLYHPHFKDQLVPIROORZHGE\PLJUDWRU\LQVHUWLRQJLYLQJULVH
WR>3K35X++&+&+3K@5HYHUVLEOHFRRUGLQDWLRQRI3K,WRWKH5XFHQWHUDQG
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3K-(W FRXSOLQJ SURGXFH D VSHFLHV WKDW LV SUHGLVSRVHG WR IDFLOH 3K-, DFWLYDWLRQ YLD
R[LGDWLYHDGGLWLRQ)LQDOO\3K-+UHGXFWLYHHOLPLQDWLRQDQG33KDGGLWLRQFRQFOXGHWKH
WUDQVIRUPDWLRQ7KHIRUPDWLRQRIVPDOODPRXQWVRIIUHH33KDQGREVHUYHGE\105
GXULQJWKHUHDFWLRQOHQGVVXSSRUWWRWKLVSURSRVHGPHFKDQLVWLFVFKHPH$VHSDUDWHVWXG\
LV QHHGHG KRZHYHU LQ RUGHU WR ILUPO\ HVWDEOLVK WKHPHFKDQLVPRI WKH IRUPDWLRQ RI
IURP-VW\UHQHDQG3K; 
 
 
6FKHPH3URSRVHGPHFKDQLVPRIDFWLYDWLRQRI3K,E\LQWKHSUHVHQFHRIVW\UHQH 
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&RQFOXVLRQV 
7KH REMHFWLYHV RI WKLV UHVHDUFK SURMHFW KDYH EHHQ IXOO\ PHW 7KH SUHOLPLQDU\ UHVXOWV
REWDLQHG LQRXUJURXS KDG VKRZQ WKHQHHG IRU DGHWDLOHGPHFKDQLVWLF VWXG\RI WKH
DFWLYDWLRQRI3K,ZLWK>3K35X+@7KHSHUIRUPHGNLQHWLFLQYHVWLJDWLRQRI WKLV
UHDFWLRQKDVUHYHDOHGDQXQXVXDONLQHWLFSDWWHUQLQFOXGLQJDQDOPRVWTXDQWLWDWLYH OLQHDU
IRUPDWLRQRI>3K35X+,@-,XSWR!FRQYHUVLRQIROORZHGE\LWVH[SRQHQWLDO
GHFD\ 7KH ODWWHU OHDGV WR >3K35X,ȝ-,@  DV D ILQDO SURGXFW ZKLFK KDV EHHQ
LVRODWHG DQG IXOO\ FKDUDFWHUL]HG LQFOXGLQJ E\ VLQJOH-FU\VWDO 
;-UD\GLIIUDFWLRQ7KHGHWHUPLQDWLRQRIUHDFWLRQRUGHUVIRUWKH3K,DFWLYDWLRQZLWKERWK
   3K,  33K - DQG -, -,  3K,  33K - VXJJHVWHG WKDW DQ
DXWRFDWDO\WLF SURFHVV LV LQYROYHG RFFXUULQJ DW UDWHV VLPLODU WR WKRVH RI WKH GLUHFW
DFWLYDWLRQ RI3K,ZLWK 7KLV DXWRFDWDO\VLV KDV LQGHHGEHHQ HVWDEOLVKHG E\ REVHUYLQJ
IDVW FRPSURSRWLRQDWLRQ RIDQG >3K35X,@ JHQHUDWHG LQ VLWX WR JLYH-,6LPLODU
DXWRFDWDO\VLV KDV EHHQ IRXQG IRU WKH UHDFWLRQ RIZLWK3K%U DQG VWXGLHG LQ DVPXFK
GHWDLO)XOONLQHWLFDQDO\VLVKDVEHHQSHUIRUPHGIRUERWKWUDQVIRUPDWLRQVLQYROYLQJWKH
RULJLQDO DQG RQZDUG 3K-; DFWLYDWLRQ UHDFWLRQV 7KH H[FHOOHQW ILW RI WKH H[SHULPHQWDO
GDWDZLWKWKHDXWRFDWDO\VLVPRGHOKDVSURGXFHGYDOXHVIRU WKHUDWHFRQVWDQWVNLQLWLDO
DFWLYDWLRQZLWK  DQG N DFWLYDWLRQZLWK  IRUPHG LQ WKH ILUVW VWHS DQG.HT IRU WKH
HTXLOLEULXP EHWZHHQ  DQG WKH NH\ LRGLQH-ERXQG LQWHUPHGLDWH 3K, FRPSOH[ 
PHU->3K35X+3K,@ $ VLPLODUNLQHWLF VWXG\KDVEHHQSHUIRUPHG IRU3K-&O
DFWLYDWLRQ ZLWK  +RZHYHU WKH GDWD REWDLQHG FRXOG QRW EH TXDQWLWDWLYHO\ DQDO\]HG
EHFDXVHRIWKHORZHUVHOHFWLYLW\RIWKHSURFHVV 
7KHFRPSXWDWLRQDO VWXG\E\0F.D\DQG0DFJUHJRU DFFRUGVZLWK WKHH[SHULPHQWDO
GDWD VKRZLQJ WKDW ERWK WKH LQLWLDO DQG RQZDUG UHDFWLRQV LQYROYH SKRVSKLQH 
SUH-GLVVRFLDWLRQIURP5XDVWKHILUVWVWHS+DOREHQ]HQHFRRUGLQDWLRQWR5XWKURXJKWKH
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KDORJHQDWRPDQGVXEVHTXHQWUHDUUDQJHPHQWWRDʌ-ERXQGȘ-3K;FRPSOH[OHDGVWRWKH
HIILFLHQW3K-;ERQGEUHDNLQJIROORZHGE\3K-+UHGXFWLYHHOLPLQDWLRQ7KHFDOFXODWLRQV
VXJJHVWWKDWWKHUDWH-GHWHUPLQLQJVWHSLQDOORIWKHUHDFWLRQVRI3K;; ,%U&OEXW
RQHLVWKHFOHDYDJHRIWKH&-;ERQG7KHRQO\H[FHSWLRQOLNHO\IRUVWHULFUHDVRQVLVWKH
UHDFWLRQRIZLWK3K,ZKHUHWKHKLJKHVWEDUULHUZDVFDOFXODWHGIRUWKHIRUPDWLRQRIWKH
ʌ-ERXQG Ș-3K; DGGXFW 7KH FRPSXWHG ǻ* YDOXHV DUH LQ H[FHOOHQW DJUHHPHQW ZLWK
WKRVH GHULYHG IURP WKH H[SHULPHQWDOO\ GHWHUPLQHG UDWH FRQVWDQWV N DQG N XVLQJ WKH
(\ULQJHTXDWLRQ 
,W LVKRSHGWKDW WKHPHFKDQLVWLFLQIRUPDWLRQREWDLQHGIURPWKHFXUUHQWVWXG\FDQEH
XVHIXOQRWRQO\IRUIXUWKHUDFDGHPLFUHVHDUFKLQWKHDUHDRI LQHUW&-;ERQGDFWLYDWLRQ
EXWDOVR IRUFDWDO\WLFDSSOLFDWLRQVVXFKDVK\GURJHQRO\VLVRISRO\FKORULQDWHGDURPDWLF
FRPSRXQGV 
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([SHULPHQWDO6HFWLRQ 
*HQHUDOFRQVLGHUDWLRQ$OOPDQLSXODWLRQVZHUHSHUIRUPHGXQGHUDUJRQLQDJORYHER[
RU XVLQJ 6FKOHQN WHFKQLTXHV XQOHVV QRWHG RWKHUZLVH 5X&OÂ[+2 33K DQG1D%+
ZHUH XVHG DV UHFHLYHG $QK\GURXV R[\JHQ-IUHH KH[DQH EHQ]HQH EHQ]HQH-G 
WROXHQH-G7+)DQG7+)-GZHUHREWDLQHGE\GLVWLOODWLRQIURP1D2&3KXQGHUDUJRQ
DQG VWRUHG RYHU IUHVKO\ DFWLYDWHG  c PROHFXODU VLHYHV LQ DQ DUJRQ-ILOOHG JORYHER[
>3K35X&O@ZDVSUHSDUHGE\WKHOLWHUDWXUHSURFHGXUH
40105VSHFWUDZHUHUHFRUGHG
RQ %UXNHU$YDQFH8OWUDVKLHOG  DQG 0+] VSHFWURPHWHUV 6LQJOH-FU\VWDO ;-UD\
GLIIUDFWLRQ VWXGLHV ZHUH SHUIRUPHG RQ %UXNHU )5 DQG$SH[ '82 .DSSD -D[LV
GLIIUDFWRPHWHUVHTXLSSHGZLWK$3(;,,.&&'DUHDGHWHFWRUV 
$VKDVEHHQGHPRQVWUDWHGFRPSOH[HV DQG HDVLO\ IRUPVROYDWHV DQG FDQ
DOVR FRQWDLQ ODWWLFH 33K 7KH FRPSRVLWLRQ RI WKHVH PDWHULDOV PD\ YDU\ VLJQLILFDQWO\
GHSHQGLQJRQPLQRUFKDQJHVLQFU\VWDOOL]DWLRQFRQGLWLRQV,WLVWKHUHIRUHUHFRPPHQGHG
WKDWHDFKEDWFKRIWKHFRPSOH[HVREWDLQHGEHFDUHIXOO\DQDO\]HGE\+DQG3105WR
GHWHUPLQHWKHDPRXQWRIFRFU\VWDOOL]HGVROYHQWVDQGRU33K 
$OOH[SHULPHQWVZLWKDLU-VHQVLWLYH5XFRPSOH[HVZHUHFRQGXFWHGLQDQDUJRQUDWKHU
WKDQ QLWURJHQ DWPRVSKHUH 8QGHU 1 VROXWLRQV RI ERWK  DQG  JDYH ULVH WR
>3K35X1+@  LQ YDULRXV TXDQWLWLHV DV FDQ EH HDVLO\ GHWHFWHG E\
+ DQG
3^+` 105 (YHQ XQGHU DUJRQ FRQWDLQLQJ DGYHQWLWLRXV 1 VROXWLRQV RI  DQG 
SURGXFHGVPDOO\HW105-GHWHFWDEOHTXDQWLWLHVRIDIWHUDIHZKRXUV&RQWDPLQDWLRQRI
WKHDUJRQDWPRVSKHUHZLWK1LQDFLUFXODWLRQJORYHER[FDQUHSUHVHQWDVHULRXVSUREOHP
ZKHQZRUNLQJZLWKDQG 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
40 Hallman, P. S.; Stephenson, T. A.; Wilkinson, G. Inorg. Synth. 1970, 12, 237. 
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>3K35X++@$VOLJKWO\PRGLILHGOLWHUDWXUHSURFHGXUH
ZDVXVHG$-/
URXQG-ERWWRP IODVN HTXLSSHG ZLWK D UXEEHU VHSWXP D JDV LQOHW DQG D 37)(-FRDWHG
PDJQHWLF VWLU-EDU ZDV FKDUJHG XQGHU DUJRQ ZLWK >3K35X&O@ā33K  J 
PPRODQGDGHDHUDWHGYYPL[WXUHRIHWKDQRODQGEHQ]HQHP/7RWKLV
PL[WXUH DW VWLUULQJ1D%+ PJPPROZDV DGGHG LQ VPDOO SRUWLRQVRYHU D
SHULRGRIPLQXWHV7KHRULJLQDOO\EURZQUHDFWLRQPL[WXUHWXUQHGOLJKWHULQFRORUDQG
DZKLWHSUHFLSLWDWHDSSHDUHGZLWKLQPLQRIDJLWDWLRQ$IWHUVWLUULQJIRUDQDGGLWLRQDO 
 K WKH SLQNLVK VOXUU\ ZDV ILOWHUHG XQGHU DUJRQ DQG WKH RII ZKLWH SURGXFW ZDV
WKRURXJKO\ ZDVKHG RQ WKH ILOWHU ZLWK GHDHUDWHG (W2+  î P/ GHDHUDWHG ZDWHU 
îP/GHDHUDWHG(W2+îP/DQGGHDHUDWHGKH[DQHîP/'U\LQJ
WKH ZDVKHG VROLG ILUVW ZLWK D IORZ RI DUJRQ DQG WKHQ XQGHU YDFXXP a PEDU IRU 
PLQXWHVJDYHFUXGH J FRQWDLQLQJFRFU\VWDOOL]HGEHQ]HQH PROHFXOH DQG
UHVLGXDO ZDWHU + 105 )RU IXUWKHU SXULILFDWLRQ WKH FUXGH SURGXFW  J ZDV
GLVVROYHGXQGHUDUJRQLQZDUPFDR&7+)P/DQGDOORZHGWRFRROWRURRP
WHPSHUDWXUH $IWHU  K DW - R& WKH SUHFLSLWDWHG ILEHU-OLNH ZKLWH QHHGOHV RI ZHUH
VHSDUDWHG E\ ILOWUDWLRQZDVKHGZLWK7+)  î P/ DQG GULHG ILUVW ZLWK D IORZ RI
DUJRQ DQG WKHQ XQGHU YDFXXP a PEDU IRU  PLQXWHV 7KH \LHOG RI WKH WKXV
UHFU\VWDOOL]HG VOLJKWO\ RII ZKLWH DLU-VHQVLWLYH  7+) VROYDWH ZDV  J  
+105&'įEUV+W- +]+W- +]+
-EUV+3^+`105&'įV 
 
>3K35X+,@ -, ,QDJORYHER[D VROXWLRQRI VW\UHQH ȝ/PPRO LQ
7+)  P/ ZDV VORZO\ DGGHG  PLQ YLD V\ULQJH WR D VWLUULQJ VROXWLRQ RI
>3K35X++@   PJ  PPRO DQG 3K,  ȝ/  PPRO LQ 7+) 
P/$IWHUPLQ WKHGHHSSXUSOH UHDFWLRQPL[WXUHZDVSODFHG LQWR D IUHH]HU DW 
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- R& IRU  GD\ WR FRPSOHWH SUHFLSLWDWLRQ RI -, 7KHPL[WXUH ZDV WKHQ UHGXFHG LQ
YROXPHWRFDP/E\HYDSRUDWLRQZLWKDIORZRIDUJRQWKHGHHSSXUSOHFU\VWDOVRI-,
ZHUH VHSDUDWHG ZDVKHG ZLWK (W2  î  P/ DQG GULHG XQGHU YDFXXP $ -PJ
SRUWLRQ RI WKH WKXV REWDLQHG FUXGH -,  PJ ZDV GLVVROYHG LQ EHQ]HQH DW URRP
WHPSHUDWXUHP/DQGILOWHUHG(YDSRUDWLRQRIWKHILOWUDWHDQGGU\LQJXQGHUYDFXXP
JDYH SXUH -,ā&+ LQ  \LHOG  PJ +^3` 105 7+)-G į  
+&+G- +]+W- +]+W- +]
+-V 
 
>3K35X+@  $ VOLJKWO\ PRGLILHG OLWHUDWXUH SURFHGXUH
41 ZDV XVHG $ -/
WKUHH-QHFNURXQG-ERWWRPIODVNHTXLSSHGZLWKDUXEEHUVHSWXPDJDVLQOHWDQGD37)(-
FRDWHGPDJQHWLFVWLU-EDUZDVFKDUJHGZLWK33KJPPRO&+P/DQG
0H2+  P/ $IWHU DJLWDWLRQ XQGHU DUJRQ IRU  PLQ >3K35X&O@  J 
PPROZDVDGGHGDQGWKHUHDFWLRQPL[WXUHZDVVWLUUHGIRUDQDGGLWLRQDOPLQ$V
VWLUULQJFRQWLQXHG1D%+JPPROZDVDGGHGLQSRUWLRQVRYHUDSHULRGRI
PLQ'XULQJWKHDGGLWLRQWKHRULJLQDOO\EURZQUHDFWLRQPL[WXUHWXUQHG\HOORZ$IWHU
VWLUULQJIRUDQDGGLWLRQDOKRXUWKHPL[WXUHZDVGLOXWHGZLWKGHDHUDWHG0H2+P/
WKH\HOORZVROLGZDVILOWHUHGXQGHUDUJRQZDVKHGZLWKGHDHUDWHG0H2+îP/
GHDHUDWHGDQGGHLRQL]HGZDWHUîP/GHDHUDWHG0H2+îP/DQK\GURXV
R[\JHQ-IUHHKH[DQHîP/DQG(W2îP/DQGGULHGXQGHUYDFXXP7KH
SURGXFWFRQWDLQLQJFRFU\VWDOOL]HGSKRVSKLQHDQGKH[DQH VHHDERYH LV DLU-VHQVLWLYH LQ
VROXWLRQ DQG LQ WKH VROLG VWDWH 7KH \LHOG RI  ZDV  J  FDOFXODWHG IRU
>3K35X+@Â33KÂ&+
+ 105 &' į - P - P
3^+` 105 &' į  W -    +] 3  W -    +] 3 - 
V3 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
41<RXQJ5:LONLQVRQ*,QRUJ6\QWK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>3K35X,ȝ-,@  ,Q D JORYHER[ D -P/ YLDO ZDV FKDUJHG ZLWK
>3K35X+@Â33KÂKH[DQHPJPPRO3K,P/DQGEHQ]HQH
P/7KHPL[WXUHZDVDJLWDWHGILUVWDWR&IRUKDQGWKHQDWR&IRUK$W
WKDW SRLQW IXOO FRQYHUVLRQ RI DQG LQWHUPHGLDWH-,ZDV REVHUYHGE\ +^3`105
7KHUHVXOWDQWGDUNEURZQVROLGZDVVHSDUDWHGLQVLGHWKHJORYHER[ZDVKHGZLWKEHQ]HQH
 î P/ DQG GULHG XQGHU YDFXXP7KH \LHOG RIZDV PJ  7KLV VROLG
DSSHDUHGWREHYLUWXDOO\LQVROXEOHLQEHQ]HQHWROXHQH7+)GLFKORURPHWKDQHDQG'0)
,W ZDV IRXQG KRZHYHU WKDW  GLVVROYHV LQ '062 WR JLYH D \HOORZ VROXWLRQ WKDW
GLVSOD\HG RQO\ RQH VLJQDO LQ WKH 3^+` 105 VSHFWUXP D VLQJOHW DW - SSP
HYLGHQWO\IURPIUHH33K4XDQWLWDWLYHDQDO\VLV LQWKHSUHVHQFHRIDQLQWHUQDOVWDQGDUG
3K32LQGLFDWHGWKDWFDHTXLYRI33KKDGEHHQUHOHDVHGIURPHDFK5XDWRP$QDO
&DOFG IRU &+,35X &  +  )RXQG &  +  7R REWDLQ ;-UD\
TXDOLW\FU\VWDOVRIDVROXWLRQRI >3K35X&O@PJLQGHDHUDWHG&+P/
ZDV WUHDWHGXQGHU DUJRQZLWK D VROXWLRQRI1D,  J LQGHDHUDWHGGHLRQL]HGZDWHU 
P/$IWHUKWKHRUJDQLFSKDVHZDVVHSDUDWHGDQGOD\HUHGZLWKSHQWDQHWRJLYH;-
UD\TXDOLW\FU\VWDOVRI 
 
.LQHWLFVWXGLHV 
'HWHUPLQDWLRQ RI UHDFWLRQ RUGHUV IRU 3K, DFWLYDWLRQ ZLWK >3K35X+@  
,QDQDUJRQ-ILOOHGJORYHER[LRGREHQ]HQHZDVDGGHGWRDVROXWLRQRI>3K35X+@
DQG33KLQ&'LQD-PP105WXEH7KHUHDFWLRQPL[WXUHZDVVKDNHQVHDOHGZLWKD
UXEEHU VHSWXP DQGPRQLWRUHG WR - FRQYHUVLRQ E\ +^3`105 DW  R& 6HH
7DEOH  IRU VSHFLILFV 7KH GDWD ZDV DQDO\]HG LQ WKH DVVXPSWLRQ RI WKH VXP RI
FRQFHQWUDWLRQVRI>3K35X+@DQG>3K35X+,@ LQ WKHSUHVHQFHRIH[FHVV33K
EHLQJ FRQVWDQW DQG HTXDO WR WKH LQLWLDO FRQFHQWUDWLRQ RI >3K35X+@ )RU HQWULHV 
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-DGGLWLRQDOFRUUHFWLRQRI WKH LQLWLDOFRQFHQWUDWLRQVRI33KDQG WKH5XFRPSOH[HV
ZDVPDGHWDNLQJLQWRDFFRXQWWKHHTXLOLEULXPEHWZHHQDQG>3K35X+3K,@
,QDOORWKHUUXQVWKLVFRUUHFWLRQZDVXQQHFHVVDU\EHFDXVHWKHDPRXQWRISUHVHQWZDV
HVWLPDWHGDWRIWKH LQLWLDOFRQFHQWUDWLRQRI7KHSORWVREWDLQHGDUHSUHVHQWHGLQ
)LJXUHVDQG 
 
7DEOH 'HWHUPLQDWLRQ RI UHDFWLRQ RUGHUV IRU WKH UHDFWLRQ RI >3K35X+@ZLWK
3K,E\WKHPHWKRGRILQLWLDOUDWHV 
Entry [(Ph3P)4Ru(H)2]0,  M × 103 [PhI]0, M 
[PPh3]0,  
M × 102 
Initial rate,  
M/min × 107 
Amount of  
6, (%) 
1 8.33 1.49 8.33 9.11 3 
2 6.67 1.49 8.33 8.24 3 
3 5.00 1.49 8.33 6.15 3 
4 3.33 1.49 8.33 3.46 3 
5 8.33 1.12 8.33 7.55 2 
6 8.33 0.75 8.33 5.15 2 
7 8.33 0.37 8.33 2.15 1 
8 8.33 1.49 2.50 43.8 10 
9 8.33 1.49 3.17 32.5 8 
10 8.33 1.49 4.17 22.6 6 
11 8.33 1.49 5.83 13.6 4 
12 8.33 1.49 8.33 10.3 3 
13 8.33 1.49 10.0 9.65 3 
14 8.33 1.49 11.7 8.15 2 
15 8.33 1.49 13.3 4.90 2 
16 8.33 1.49 15.0 4.18 2 
17 8.33 1.49 16.7 3.85 2 
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'HWHUPLQDWLRQ RI UHDFWLRQ RUGHUV IRU DFWLYDWLRQ RI 3K, ZLWK >3K35X+,@ 
-, ,Q DQ DUJRQ-ILOOHG JORYHER[ 3K, ZDV DGGHG WR D VROXWLRQ RI
>3K35X+,@ā&+ -, 33K DQG F\FORKH[DQH LQWHUQDO VWDQGDUG LQ &' LQ D 
-PP105WXEH7KHUHDFWLRQPL[WXUHZDVVKDNHQVHDOHGZLWKD UXEEHUVHSWXPDQG
PRQLWRUHGWR-FRQYHUVLRQE\+^3`105DWR&6HH7DEOHIRUVSHFLILFV
7KHSORWVDUHSUHVHQWHGLQ)LJXUHVDQG 
 
7DEOH 'HWHUPLQDWLRQ RI UHDFWLRQ RUGHUV IRU WKH UHDFWLRQ RI >3K35X+,@ZLWK
3K,E\WKHPHWKRGRILQLWLDOUDWHV 
Entry [(Ph3P)3Ru(H)I]0,  M × 103 [PhI]0, M 
[PPh3]0,  
M × 102 
Initial rate,  
M/min × 107 
1 2.08 1.49 0.63 15.9 
2 2.08 1.49 1.33 8.27 
3 2.08 1.49 2.40 4.85 
4 2.08 1.49 4.17 3.07 
5 2.08 1.49 0.98 11.3 
6 2.08 1.49 1.69 6.86 
7 2.08 1.12 0.63 13.3 
8 2.08 0.75 0.63 7.49 
9 2.08 0.37 0.63 3.51 
10 1.67 1.49 0.63 14.3 
11 1.25 1.49 0.63 8.90 
12 0.83 1.49 0.63 8.52 
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)XOONLQHWLFSURILOHRIWKHUHDFWLRQRI>3K35X+@ZLWK3K,,QDQDUJRQ-ILOOHG
JORYHER[>3K35X+@ā33KāKH[DQHPJPPROZDVGLVVROYHGLQ
&' P/$ -ȝ/ DOLTXRW RI WKH WKXV SUHSDUHG VROXWLRQ 3K,  ȝ/ DQG D
IODPH-VHDOHGFDSLOODU\FRQWDLQLQJDQH[WHUQDOVWDQGDUGGSSILQ&'&OZHUHSODFHGLQD
-PP 105 WXEH 7KH WXEH ZDV VHDOHG ZLWK D UXEEHU VHSWXP DQG WKH UHDFWLRQ ZDV
PRQLWRUHG E\ +^3` DQG 3^+` ,*' 105 DW  R& 7KH GDWD REWDLQHG ZHUH
PDQXDOO\ILWWHG WR WKHPRGHO 6FKHPHXVLQJ WKH.,1(742DQG7HQXD43SURJUDPV
6HH7DEOHIRUGHWDLOVDQG)LJXUH 
 
  
6FKHPH.LQHWLFPRGHOIRUWKHUHDFWLRQRIZLWK3K, 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
42 Abramenkov, A. V. Kinet, version 0.8; a program for the numerical modeling of complicated chemical 
reaction kinetics; Chemistry Department of Moscow State University, Division of Physical Chemistry: 
Moscow, Russia, 2012. 
43 Wachsstock, D. Tenua, version 2.0; the kinetics simulator for Java; 2005. 
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7DEOH  3DUDPHWHUV XVHG LQ WKH VLPXODWLRQ RI WKH NLQHWLF PRGHO SUHVHQWHG LQ 
6FKHPH 
Compound Initial concentration, M 
 Rate 
constant Value 
Significant k and ǻ* 
values 
A 4.2 î-  N1 1.9 î Keq(1) = N1/N-1 =  
= 1.9 × 10-3 
ǻ* = 3.7 kcal/mol 
B 1.49  N-1	   1 î 
C 1 î-  N2	   6.5 î- 
D 1 î-  N3	   1 î k1 = N2×N1/N-1 = 
= 1.24 × 10-5 min-1 
ǻ*= 26.6 kcal/mol 
E 0  N-3	   1 î 
F 0  N	   6.8 î- 
G 0  N5	   1 î k2 = N4×N3/N-3 = 
= 6.8 × 10-6 min-1 
ǻ* = 26.9 kcal/mol 
H 0  N6	   5 î- 
   N7	   1 î 
   N-7	   1   
 
 
)XOO NLQHWLF SURILOH RI WKH UHDFWLRQ RI >3K35X+@ZLWK 3K%U ,Q DQ DUJRQ-
ILOOHG JORYHER[ >3K35X+@ā33KāKH[DQH   PJ  PPRO ZDV
GLVVROYHG LQ &'  P/ $ -P/ DOLTXRW RI WKH WKXV SUHSDUHG VROXWLRQ 3K%U 
ȝ/DQGDIODPH-VHDOHGFDSLOODU\FRQWDLQLQJDQH[WHUQDOVWDQGDUGGSSILQ&'&O
ZHUHSODFHGLQD-PP105WXEH7KHWXEHZDVVHDOHGZLWKDUXEEHUVHSWXPDQGWKH
UHDFWLRQZDVPRQLWRUHGE\+^3`DQG3^+`,*'105DWR&7KHGDWDREWDLQHG
ZHUH PDQXDOO\ ILWWHG WR WKH PRGHO 6FKHPH  XVLQJ WKH .,1(7 DQG 7HQXD
SURJUDPV6HH7DEOHIRUGHWDLOVDQG)LJXUH 
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6FKHPH.LQHWLFPRGHOIRUWKHUHDFWLRQRIZLWK3K%U 
 
7DEOH  3DUDPHWHUV XVHG LQ WKH VLPXODWLRQ RI WKH NLQHWLF PRGHO SUHVHQWHG LQ 
6FKHPH 
Compound Initial concentration, M 
 Rate 
constant Value Significant values 
A 3.18 î-  N1 1 î 
k1 = N2×N1/N-1 = 
= 4.3 × 10-6 min-1 
ǻ* = 29.5 kcal/mol 
B 1.59  N-1	   1 î 
C 0  N2	   4.3 î- 
D 7.1 î-  N3	   1 î 
E 0  N-3	   1 î 
k2 = N4×N3/N-3 = 
= 3.2 × 10-6 min-1 
ǻ* = 29.7 kcal/mol 
F 0  N4	   3.2 î- 
G 0  N5	   1 î 
H 0  N6	   2 î 
J 3.8 î-  N7	   1 î 
Keq(7) = N7/N-7 =  
= 5.9 × 10-3 
ǻ* = 3.3 kcal/mol 
L 1 î-  N-7	   1.7 î 
   N8 1 î 
   N-8 1 î 
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)XOO NLQHWLF SURILOH RI WKH UHDFWLRQ RI >3K35X+@ZLWK 3K&O ,Q DQ DUJRQ-
ILOOHG JORYHER[ >3K35X+@ā33KāKH[DQH   PJ  PPRO ZDV
GLVVROYHGLQDPL[WXUHRI3K&OP/DQG&'P/$-ȝ/DOLTXRWRI WKLV
VROXWLRQDQGD IODPH-VHDOHGFDSLOODU\ FRQWDLQLQJDQH[WHUQDO VWDQGDUG GSSI LQ&'&O
ZHUHSODFHGLQ-PPJODVV105WXEHWKDWZDVVHDOHGZLWKDUXEEHUVHSWXP7KHVDPSOH
ZDVSODFHGLQDSUH-KHDWHGR&105SUREHDQGUHDFWLRQSURJUHVVZDVPRQLWRUHGE\
+^3` DQG 3^+` ,*' 105 )LJXUH  7KH ORZHU VHOHFWLYLW\ RI WKH
WUDQVIRUPDWLRQ DSSDUHQWO\ GXH WR VLGH-K\GURO\VLV GLGQRW DOORZXV WRSHUIRUPNLQHWLF
VLPXODWLRQ 
 
.LQHWLFVWXG\RIWKHUHDFWLRQRI>3K35X++@ZLWK3K,LQWKHSUHVHQFH
RI VW\UHQH8QGHU DUJRQ D 0 VROXWLRQ RI VW\UHQH LQ&' ȝ/ PPRO 
HTXLYZDVDGGHG WRDVROXWLRQRI >3K35X++@  LQ&'0
ȝ/PPRODQG3K, ȝ/HTXLY LQD-PP105WXEH7KH WXEHZDV
VKDNHQDQGLPPHGLDWHO\SODFHGLQWKHSUREHRIDQ105VSHFWURPHWHUIRUPRQLWRULQJWKH
UHDFWLRQE\ +^3`DQG WKH IRUPDWLRQRIDQG33KE\
3^+`1057KHGDWDDUH
VXPPDUL]HGLQ7DEOH 
 
7DEOH  .LQHWLF GDWD IRU WKH UHDFWLRQ RI >3K35X++@  ZLWK 3K, DQG
VW\UHQHDVPRQLWRUHGE\+^3`105 
Time, min. 1, % 2-I, % 3, % PhCHCH2, % PhEt, % 
7 76 21 3 75 25 
15 42 54 4 38 62 
26 22 75 4 19 81 
33 18 78 4 17 83 
42 15 82 3 12 88 
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&RPSURSRUWLRQDWLRQUHDFWLRQV 
5HDFWLRQRI>3K35X+@ZLWK>3K35X&O@,QDQDUJRQ-ILOOHGJORYHER[
D VROXWLRQRI >3K35X+@ā33KāKH[DQH LQ7+)-G 0P/ DQGD
VROXWLRQRI>3K35X&O@LQ7+)-G0P/ZHUHPL[HGLQD-PP105
WXEH1RVLJQVRIUHDFWLRQZHUHREVHUYHGIRUKDWURRPWHPSHUDWXUH$IWHUK WKH
UHDFWLRQPL[WXUHWXUQHGPRUHUHGGLVKLQFRORUDQGWKHSUHVHQFHRI-&OFD\LHOG
ZDVGHWHFWHGE\+^3`105V-SSP,QDVLPLODUH[SHULPHQWDWR&-&O
ZDVSURGXFHGLQFD\LHOGZLWKLQPLQ 
 
5HDFWLRQRI>3K35X+@ZLWK>3K35X&O@DQG1D, ,QDQDUJRQ-ILOOHG
JORYHER[ D VROXWLRQ RI >3K35X+@ā33KāKH[DQH LQ7+)-G 0 
P/DQGDVROXWLRQRI>3K35X&O@LQ7+)-G0P/ZHUHDGGHGWR1D,
PJPPRO9LJRURXVDJLWDWLRQRIWKHUHDFWLRQPL[WXUHDWURRPWHPSHUDWXUHIRU
PLQXWHV SURGXFHG DSXUSOH VROXWLRQ FRQWDLQLQJ-, FD \LHOG +^3`105 
V-SSP 
 
5HDFWLRQ RI >3K35X+@  ZLWK >3K35X%U@>3K35X%Uȝ-%U@
7KHUHDFWLRQRI>3K35X+@ZLWK3K%UVHHDERYHZDVGULYHQWRIXOOFRQYHUVLRQ
RI ILUVW  DQG WKHQ -%U DV PRQLWRUHG E\ +^3` 105 7R WKH WKXV SURGXFHG
HTXLOLEUDWHGPL[WXUHRI>3K35X%U@>3K35X%Uȝ-%U@ZDVDGGHGȝ/RID
0VROXWLRQRILQ&'HTXLY7KHUHDFWLRQPL[WXUHZDVVKDNHQDQGDQDO\]HG
E\+^3`105$IWHUKDWURRPWHPSHUDWXUH>3K35X+%U@ZDVSURGXFHGLQFD
 \LHOG $IWHU  PLQ DW  R& RLO EDWK +^3` 105 DQDO\VLV LQGLFDWHG WKH
IRUPDWLRQRI>3K35X+%U@LQ\LHOGV-SSP 
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*HQHUDOHTXDWLRQIRUQGRUGHUQGRUGHUSUH-HTXLOLEULXPZLWKVXEVHTXHQWILUVW
RUGHUUHDFWLRQ 
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'HULYDWLRQRIHTXDWLRQ 
 
 
6FKHPH0HFKDQLVPRIWKHDXWRFDWDO\VLVLQWKHIRUPDWLRQRI-,IURPDQG3K, 
 
)RUWKHDXWRFDWDO\VLVVFKHPHDERYH6FKHPH 
G>-,@GW N>@>3K,@>33K@--N>-,@>3K,@>33K@-N>@>@ 
DQG 
G>@GW N>-,@>3K,@>33K@--N>@>@ 
 
6WHDG\VWDWHDSSUR[LPDWLRQG>@GW JLYHV 
 
G>-,@GW N>@>3K,@>33K@--N>-,@>3K,@>33K@-N>-,@>3K,@>33K@- 
or 
G>-,@GW N>@>3K,@>33K@-N>-,@>3K,@>33K@- 
 
This is Eq 2.3 on page 146. 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
NEW TRANSFORMATIONS BASED ON ACTIVATION OF INERT CARBON-HALOGEN BONDS WITH AND WITHOUT TRANSITION 
Miloserdov Fedor Mikhailovich 
Dipòsit Legal: T 825-2015 
      
 
 
 
 
 
 
 
 
 
 
 
Chapter 3 
Alcoholysis of F luoroform 
 
 
 
 
 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
NEW TRANSFORMATIONS BASED ON ACTIVATION OF INERT CARBON-HALOGEN BONDS WITH AND WITHOUT TRANSITION 
Miloserdov Fedor Mikhailovich 
Dipòsit Legal: T 825-2015 
Chapter 3 Alcoholysis of F luoroform 	  
   188     
Introduction 
)OXRURIRUP &+) WULIOXRURPHWKDQH +)&- 5- D JDV ES - R& DQG WKH
OLJKWHVWPHPEHU RI WKH KDORIRUP IDPLO\ZDV ILUVW UHSRUWHG E\0HVODQV1 DQG&KDEULp2
RYHU\HDUVDJR,QWKH¶V+HQQH3DQG5XIIHWDO4GHYHORSHGHIILFLHQWV\QWKHWLF
SURFHGXUHV IXUQLVKLQJ &+) LQ VXIILFLHQW TXDQWLWLHV IRU LVRODWLRQ LQ SXUH IRUP DQG
WKRURXJKVWXGLHV1XPHURXVH[SHULPHQWVFDUULHGRXWEDFNWKHQSDUWLFXODUO\E\+HQQH
HVWDEOLVKHG WKDW IOXRURIRUP LV DQ H[FHSWLRQDOO\ FKHPLFDOO\ DQG ELRORJLFDOO\ LQHUW
FRPSRXQG,QDGGLWLRQWREHLQJQRQWR[LFDQGKLJKO\XQUHDFWLYH&+)LVR]RQH-IULHQGO\
DQGFRQVHTXHQWO\LVQRWRQWKH0RQWUHDO3URWRFROOLVWRIFKHPLFDOVGHSOHWLQJWKHR]RQH
OD\HU,WLVQRWVXUSULVLQJWKHUHIRUHWKDWIRUPDQ\GHFDGHV&+)ZDVFRQVLGHUHGWREHD
UDWKHUXQUHPDUNDEOHQRQKD]DUGRXVFRPSRXQG$VD UHVXOW ODUJHTXDQWLWLHVRIJDVHRXV
+)&-VLGH-SURGXFHGE\ WKHIOXRURFKHPLFDOVDQGIOXRURSRO\PHUV LQGXVWULHVFRXOGEH
GLVSRVHGRIE\YHQWLQJLQWRWKHDWPRVSKHUHZLWKRXWPXFKHQYLURQPHQWDOFRQFHUQ7KLV
VWDWHRIDIIDLUVKRZHYHUKDVUHFHQWO\FKDQJHGGUDPDWLFDOO\ 
,Q UHFHQW\HDUV&+)KDVEHFRPHD FHQWHURIDWWHQWLRQDVDSRWHQWJUHHQKRXVHJDV
ZLWK WKH VHFRQG KLJKHVW JOREDO ZDUPLQJ SRWHQWLDO RI   \HDUV DQG D ORQJ 
-\HDUDWPRVSKHULF OLIHWLPH57KHUHOHDVHRI+)&- LQWR WKHDWPRVSKHUHVKRXOGEH
VWRSSHGDVRWKHUZLVHLWZRXOGOLNHO\OHDGWRDQHFRORJLFDOGLVDVWHU67KHUHIRUHWKHODUJH
TXDQWLWLHV RI WKH VLGH-JHQHUDWHG IOXRURIRUP VKRXOG EH GHVWUR\HG RU XWLOL]HG $V
IOXRURIRUPFXUUHQWO\ODFNVLQGXVWULDODSSOLFDWLRQVRQDVFDOHFRPSDUDEOHZLWKWKDWRILWV	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Meslans, M. C . R. Acad. Sc. (Paris) 1890, 110, 717. 
2 Chabrié, M. C. Bull. Soc. Chim. F r. 3 1892, 7, 18. 
3 Henne, A. L. J. Am. Chem. Soc., 1937, 59, 1200. 
4 Ruff, O.; Bretschneider, O.; Luchsinger, W.; Miltschitzky, G. Ber. D tsch. Chem. Ges. 1936, 69B, 299. 
5 (a) Han, W.; Li, Y.; Tang, H.; Liu, H. J. F luorine Chem. 2012, 140, 7. (b) Oram, D. E.; Sturges, W. T.; 
Penkett, S. A.; McCulloch, A.; Fraser, P. J. Geophys. Res. Lett. 1998, 25, 35. (c) McCulloch, A.; Lindley, 
A. A. Atmos. Environ. 2007, 41, 1560. (d) Miller, B. R.; Rigby, M.; Kuijpers, L. J. M.; Krummel, P. B.; 
Steele, L. P.; Leist, M.; Fraser, P. J.; McCulloch, A.; Harth, C.; Salameh, P.; Mühle, J.; Weiss, R. F.; 
Prinn, R. G.; Wang, R. H. J.; O'Doherty, S.; Greally, B. R.; Simmonds, P. G. Atmos. Chem. Phys. 2010, 
10, 7875. 
6 Bomgardner, M. M. Chem. Eng. News 2013, 91, 6. 
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SURGXFWLRQWKHGHVWUXFWLRQRI+)&-LVWKHRQO\YLDEOHVROXWLRQWRWKHSUREOHPD7KH
DYDLODEOH PHWKRGV WR HOLPLQDWH ODUJH TXDQWLWLHV RI IOXRURIRUP D IODPH UHWDUGDQW DUH
WKHUPDOR[LGDWLRQFDWDO\WLFK\GURO\VLV DQGSODVPDGHVWUXFWLRQ$OORI WKHVHSURFHVVHV
DUHFRVWO\DQGQRQHRIWKHPDUHIUHHIURPFRQVLGHUDEOHGUDZEDFNV 
8WLOL]LQJ +)&- ZDVWH VWUHDPV DV D FKHPLFDO IHHGVWRFN ZRXOG SURYLGH DQ LGHDO
VROXWLRQWRWKHSUREOHP+RZHYHUWKHH[FHSWLRQDOLQHUWQHVVRIIOXRURIRUPPDNHVLWVXVH
DV D UHDJHQW D FRQVLGHUDEOH FKDOOHQJH 7KLV WDVN LV IXUWKHU FRPSOLFDWHG E\ WKH
UHTXLUHPHQWVRI LQGXVWULDOO\YLDEOH FRQGLWLRQV DQG VXIILFLHQWO\ ORZ-FRVW FKHPLFDOV DQG
PDWHULDOVIRUFRQYHUWLQJ&+)WRXVHIXOSURGXFWVRQDVFDOHFRPPHQVXUDWHZLWKWKDWRI
LWV VLGH-SURGXFWLRQ FD -PHWULF WRQV DQQXDOO\ 6LQFH ¶V FRQVLGHUDEOH
SURJUHVV KDV EHHQPDGH WRZDUG WKH GHYHORSPHQW RI QHZ FKHPLFDO WUDQVIRUPDWLRQV RI
IOXRURIRUP 6WURQJ EDVHV KDYH EHHQ GHPRQVWUDWHG WR GHSURWRQDWH &+) D ZHDN DFLG
S.D    LQ +2
7 WR JHQHUDWH &)
- FDUEDQLRQ HTXLYDOHQWV HJ IRU
WULIOXRURPHWK\ODWLRQ RI FDUERQ\O FRPSRXQGV DQG VRPH RWKHU HOHFWURSKLOHV8 7KHVH
UHDFWLRQV KDYH EHHQ UHYLHZHG9 2YHU WKH ODVW IHZ \HDUV D QRYHO DSSURDFK WR +-&)
DFWLYDWLRQ KDV HPHUJHG HPSOR\LQJ WUDQVLWLRQ PHWDOV10 $OWKRXJK QRQH RI WKHVH	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
7 Symons, E. A.; Clermont, M. J. J. Am. Chem. Soc. 1981, 103, 3127. 
8 (a) Shono, T.; Ishifune, M.; Okada, T.; Kashimura, S. J. Org. Chem. 1991, 56, 2. (b) Barhdadi, R.; 
Troupel, M.; Périchon, M. Chem. Commun. 1998, 1251. (c) Russell, J.; Roques, N. Tetrahedron 1998, 54 
1998, 13771. (d) Folléas, B.; Marek, I.; Normant, J.-F.; Saint-Jalmes, L. Tetrahedron Lett. 1998, 39, 
2973. (e) Folléas, B.; Marek, I.; Normant, J.-F.; Saint-Jalmes, L. Tetrahedron 2000, 56, 275. (f) Large, S.; 
Roques, N.; Langlois, B. R. J. Org. Chem. 2000, 65, 8848. (g) Billard, T.; Bruns,	  S.: Langlois, B. R. Org. 
Lett. 2000, 2, 2101. (h) Blond, G.; Billard, T.; Langlois, B. R. Tetrahedron Lett. 2001, 42, 2473. (i) 
Prakash, G. K. S.; Jog, P. V.; Batamack, P. T. D.; Olah, G. A. Science 2012, 338, 1324. (j) Iida, T.; 
Hashimoto, R.; Aikawa, K.; Ito, S.; Mikami, K. Angew. Chem., Int. Ed. 2012, 51, 9535. (k) Kawai, H.; 
Yuan, Z.; Tokunaga, E.; Shibata, N. Org. Biomol. Chem. 2013, 11, 1446. (l) Thomoson, C. S.; Dolbier, 
W. R., Jr. J. Org. Chem. 2013, 78, 8904. (m) Zhang, Y.; Fujiu, M.; Serizawa, H.; Mikami, K.; J. F luorine 
Chem. 2013, 156, 367. 
9 (a) Langlois, B. R.; Billard, T. Synthesis 2003, 185. (b) Langlois, B. R.; Billard, T. ACS Symp. Ser. 
2005, 911, 57. (c) Jog, P. V.; Prakash, G. K. S. J. Postdoc. Res. 2013, 1, 1. 
10 (a) Tomashenko, O. A.; Grushin, V. V. Chem. Rev. 2011, 111, 4475. (b) Popov, I.; Lindeman, S.; 
Daugulis, O. J. Am. Chem. Soc. 2011, 133, 9286. (b) Choi, J.; Wang, D. Y.; Kundu, S.; Choliy, Y.; Emge, 
T. J.; Krogh-Jespersen, K.; Goldman, A. S. Science 2011, 332, 1545. (c) Zanardi, A.; Novikov, M. A.; 
Martin, E.; Benet-Buchholz, J.; Grushin, V. V. J. Am. Chem. Soc. 2011, 133, 20901. (d) Novák, P.; 
Lishchynskyi, A.; Grushin, V. V. Angew. Chem., Int. Ed. 2012, 51, 7767. (e) Novák, P.; Lishchynskyi, 
A.; Grushin, V. V. J. Am. Chem. Soc. 2012, 134, 16167. (f) Konovalov, A. I.; Benet-Buchholz, J.; Martin, 
E.; Grushin, V. V. Angew. Chem., Int. Ed. 2013, 52, 11637. (g) Lishchynskyi, A.; Novikov, M. A.; 
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UHDFWLRQV- KDYH EHHQ FRPPHUFLDOL]HG IRU YDULRXV UHDVRQV VRPH VHHP WR KROG
SURPLVHOF-JL-P $ QXPEHU RI KLJK-WHPSHUDWXUH WUDQVIRUPDWLRQV RI IOXRURIRUP KDYH
DOVR EHHQ GHYHORSHG LQFOXGLQJ WKH JDV-SKDVH IORZ S\URO\VLV WR &) &) 7)( DQG
K\GURJHQRO\VLVWRPL[WXUHVRIK\GURIOXRURFDUERQV+)&¶V11WKHFDWDO\WLFLRGLQDWLRQWR
&),
12DQGWKHFR-S\URO\VLVZLWK7)(\LHOGLQJKH[DIOXRURSURS\OHQH13DQGZLWKPHWKDQH
WRSURGXFHYDULRXVIOXRULQDWHGSURGXFWV14 
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Objectives 
$VIROORZVIURPWKHDERYHILQGLQJQHZUHDFWLRQVRIIOXRURIRUPDQGWKHGHYHORSPHQWRI
QHZPHWKRGV IRU LWV GHVWUXFWLRQDQGGHJUDGDWLRQDUH LQGHPDQG&RQVLGHULQJ WKLV WKH
REMHFWLYH RI WKH FXUUHQWZRUNZDV WR VWXG\ UHDFWLRQV RI IOXRURIRUPZLWK VLPSOH EDVHV
VXFK DV1D2+ DQG.2+ DVZHOO DVZLWK DONDOLPHWDO DONR[LGHV LQ WKH FRUUHVSRQGLQJ
DOFRKROV6XUSULVLQJO\OLWWOHKDVEHHQUHSRUWHGRQVXFKUHDFWLRQVDOWKRXJKPLQHUDOL]DWLRQ
RI &+) ZLWK VROLG DONDOL PHWDO K\GUR[LGHV DQG DONDOL DQG DONDOLQH HDUWK PHWDO
FDUERQDWHVDW-R&KDVUHFHQWO\EHHQLQYHVWLJDWHGLQFRQVLGHUDEOHGHWDLO15 
 
 
 
 
 
 
 
 
 
 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
15	  9DNXOND$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6NDSLQ7J. F luorine Chem. 2012, 142, 52. 
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5HVXOWV 
,QWKHLURULJLQDOSXEOLFDWLRQVRQWKHV\QWKHVLVRIIOXRURIRUPERWK0HVODQVDQG&KDEULp
PHQWLRQHG WKDW &+) UHDFWHG ZLWK DOFRKROLF .2+ WR JLYH D PL[WXUH RI SRWDVVLXP
IOXRULGH DQG SRWDVVLXP IRUPDWH )LJXUH  0HVODQV FRQGXFWHG WKH K\GURO\VLV LQ D
VHDOHG WXEH DW  R&ZKHUHDV LQ&KDEULp¶V UHSRUW WKH UHDFWLRQ FRQGLWLRQVZHUH QRW
VSHFLILHG,Q+LQHHWDOSXEOLVKHGDGHWDLOHGNLQHWLFVWXG\RIDONDOLQHK\GURO\VLV
RI VL[ KDORIRUPV LQ  GLR[DQH-ZDWHU WR GHWHUPLQH WKH IROORZLQJ RUGHU RI UHDFWLYLW\
&+%U&O)!!&+%U&O!&+%U&O§&+&O,!&+%U!&+&O!!&+)DOVRUHSRUWLQJ
WKDW ³WKH UHDFWLRQ RI IOXRURIRUPZDV WRR VORZ WRPHDVXUH´16 +LQH¶V REVHUYDWLRQV DUH
FRQVLVWHQWZLWK WKH IDFW WKDW IOXRURIRUP LV FD  WLPHV OHVV UHDFWLYH WKDQFKORURIRUP
WRZDUG +' H[FKDQJH ZLWK DTXHRXV DONDOL 9HU\ UHFHQWO\ 7KRPRVRQ DQG 'ROELHUO
GHPRQVWUDWHG WKDW &+) UHDFWV ZLWK .2+ LQ DTXHRXV GLR[DQH RU DFHWRQLWULOH LQ WKH
SUHVHQFHRISKHQROVRUWKLRSKHQROVWRJLYH$U2&)+DQG$U6&)+UHVSHFWLYHO\,WZDV
FRQFOXGHG WKDW ³7KH PHFKDQLVP RI WKH UHDFWLRQ DOPRVW FHUWDLQO\ LQYROYHV WKH
LQWHUPHGLDF\RIGLIOXRURFDUEHQHZKLFKZRXOGEHIRUPHGE\GHSURWRQDWLRQRI&+)E\
K\GUR[LGHIROORZHGE\ORVVRIIOXRULGHLRQ´O 
 
 
 
F igure 3.1. The chemical equations for the reaction of CH F3 with KOH , exactly as they 
appear in the original articles by Meslans1 (1890; top) and Chabrié2 (1892; bottom). 
1RWHWKHROGV\PERO³)O´XVHGIRUIOXRULQH 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
16 Hine, J.; Dowell, A. M., Jr.; Singley, J. E., Jr. J. Am. Chem. Soc. 1956, 78, 479. 
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:H ILUVW FRQILUPHG WKDW &+) UHDFWHG ZLWK 1D2+ RU .2+ XQGHU VROYHQW-IUHH
FRQGLWLRQVWRJLYHWKHFRUUHVSRQGLQJIRUPDWHVDOW7DEOHHQWULHV-6FKHPHL
7KHVHUHDFWLRQVZHUHFDUULHGRXWZLWKIUHVKO\JURXQGLQDLU1D2+RU.2+LQ)LVFKHU-
3RUWHU WXEHV DW  R&XQGHU LQLWLDO&+)SUHVVXUHRISVL EDU7KHSURGXFWV
ZHUHDQDO\]HGE\+DQG)105XVLQJVRGLXPDFHWDWHDQGVRGLXPWULIOXRURDFHWDWHDV
LQWHUQDOVWDQGDUGVIRUWKHDTXHRXVSKDVHDQG-EHQ]RGLR[ROHDQGEHQ]RWULIOXRULGHIRU
WKH RUJDQLF H[WUDFWV VHH WKH ([SHULPHQWDO 6HFWLRQ IRU GHWDLOV :LWK FD  .2+
HXWHFWLF PS   FD  R&17 WKH UHDFWLRQ RFFXUUHG LQ WKH PHOW ZKHUHDV 1D2+
UHPDLQHG VROLG WKURXJKRXW WKH H[SHULPHQW DQG WKHUHIRUH DJLWDWLRQ ZDV HVSHFLDOO\
LPSRUWDQW IRU IDVWHU&+)K\GURO\VLVZLWK VRGLXPK\GUR[LGH 7DEOHHQWULHVDQG
$IWHU-FRQYHUVLRQZDVUHDFKHGDWVWLUULQJWKHUHDFWLRQYLUWXDOO\VWRSSHG,WLV
XQOLNHO\WKDWFRQVLGHUDEO\KLJKHUFRQYHUVLRQVFRXOGEHDFKLHYHGXQGHUVXFKFRQGLWLRQV
EHFDXVH DV WKH UHDFWLRQ RFFXUV ZDWHU LV SURGXFHG GLPLQLVKLQJ WKH EDVLFLW\ DQG
UHDFWLYLW\ RI WKH DONDOL LQ WKH V\VWHP 7KH \LHOG RI WKH IRUPDWH DQLRQ - ZDV
URXJKO\ORZHU WKDQ WKDWRI IOXRULGHEHFDXVHRI WKHFRPSHWLQJ UHDFWLRQ OHDGLQJ WR
&2 6FKHPH  LL LQ DFFRUG ZLWK WKH OLWHUDWXUH GDWD 7KH IRUPDWLRQ RI &2 ZDV
FRQILUPHGE\*&DQDO\VLVRIWKHJDVSKDVHDIWHUWKHUHDFWLRQ 
 
 
6FKHPH5HDFWLRQVRIIOXRURIRUPZLWKDONDOLPHWDOK\GUR[LGHV 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
17 Vogel, W. M.; Routsis, K. J.; Kehrer, V. J.; Landsman, D. A.; Tschinkel, J. G. J. Chem. Eng. Data. 
1967, 12, 465. 
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:H WKHQ VWXGLHG UHDFWLRQV RI IOXRURIRUP ZLWK 1D2+ LQ YDULRXV DOFRKROV 52+ 
7DEOHHQWULHV-7KHVHUHDFWLRQVRFFXUUHGLQWKHWHPSHUDWXUHUDQJHRI-R&
WR JLYH1D)+&21D DQG WKH FRUUHVSRQGLQJ RUWKRIRUPDWH+&25 DV D UHVXOW RI D
FRPSHWLWLRQEHWZHHQWKHWZRSURFHVVHVVKRZQLQ6FKHPHVDQG:HDUHXQDZDUH
RISXEOLFDWLRQVUHSRUWLQJWKHIRUPDWLRQRIRUWKRIRUPDWHVIURPIOXRURIRUPDOWKRXJKWKH
UHDFWLRQ RI FKORURIRUP ZLWK DONDOL PHWDO DONR[LGHV LV ZLGHO\ XVHG WR SUHSDUH WKH
FRUUHVSRQGLQJRUWKRIRUPDWHHVWHUV187KHFRQYHUVLRQRIWKHEDVHGLGQRWH[FHHG-
ZLWKWKH\LHOGRIWKHRUWKRIRUPDWHGHFUHDVLQJLQWKHRUGHU5 (W!0H! 
L-3U  ! W-%X  7KH IRUPDWLRQ RI VPDOO TXDQWLWLHV RI WKH FRUUHVSRQGLQJ
&+)25FDZDVREVHUYHGLQDOORIWKHVHUHDFWLRQV 
 
 
6FKHPH5HDFWLRQVRIIOXRURIRUPZLWKDONDOLPHWDOK\GUR[LGHVLQDOFRKROV 
 
2UWKRIRUPDWHV DUH YDOXDEOH UHDJHQWV WKDW ILQG QXPHURXV DSSOLFDWLRQV LQ RUJDQLF
V\QWKHVLV 7R IDYRU WKH IRUPDWLRQ RI RUWKRIRUPDWHV IURP IOXRURIRUP 1D2+ ZDV
UHSODFHG ZLWK DONDOL PHWDO DONR[LGHV XQGHU DQK\GURXV FRQGLWLRQV 7DEOH  HQWULHV 
-6FKHPH:LWK0H21DLQ0H2+HQWU\ WKHUHDFWLRQJDYH+&20H LQ
 \LHOG DORQJ ZLWK  RI 1D) $OWKRXJK WKH \LHOG RI PHWK\O RUWKRIRUPDWH
LQFUHDVHG WR  DW FD  FRQYHUVLRQ LQ GLJO\PH HQWU\  & SURGXFWV
0H2& &20H FD  DQG 0H2&-&+20H FD  ZHUH GHWHFWHG E\ 
*&-06 LQ WKH UHDFWLRQ PL[WXUH 7KLV LV DSSDUHQWO\ EHFDXVH WKH VORZHU IRUPDWLRQ RI
+&20H DW WKH ORZHU RYHUDOO FRQFHQWUDWLRQ RI 0H2; ;   1D + IDYRUHG
GLPHUL]DWLRQRIWKHFDUEHQHLQWHUPHGLDWHV 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
18 DeWolfe, R. H. Carboxylic Ortho Acid Derivatives; Preparation and Synthetic Applications (Organic 
Chemistry, a Series of Monographs, Vol. 14); Academic Press: New York, 1970. 
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6FKHPH5HDFWLRQVRIIOXRURIRUPZLWKDONDOLPHWDODONR[LGHV 
 
7KH UHDFWLRQV RI (W21D DQG L-3U21D LQ WKH FRUUHVSRQGLQJ DOFRKROV IXUQLVKHG WKH
FRUUHVSRQGLQJRUWKRIRUPDWHHVWHUV LQDQG\LHOG UHVSHFWLYHO\ HQWULHVDQG
/LNHZLVHDOO\ORUWKRIRUPDWHZDVSURGXFHG LQ\LHOGXQGHUVLPLODU FRQGLWLRQV
HQWU\  2I VSHFLDO LQWHUHVW KRZHYHU LV WKH UHDFWLRQ RI IOXRURIRUP ZLWK W-%X20 
0 1D.LQW-%X2+HQWULHVDQG7KHVHUHDFWLRQVDIIRUGHGLQ-\LHOG
WUL-WHUW-EXW\O RUWKRIRUPDWH +&2%X-W D VLPSOH \HW H[FHHGLQJO\ UDUH DQG H[RWLF
FRPSRXQG 7KLV EXONLHVW RUWKRIRUPDWH HVWHU KDV DSSHDUHG RQO\ RQFH LQ WKH FKHPLFDO
OLWHUDWXUH ,Q+LQHHWDO19 UHSRUWHG WKHV\QWKHVLVDQG LVRODWLRQRI+&2%X-W LQ
RQO\\LHOG IURP WKH UHDFWLRQRI&+)&OZLWK W-%X2. LQ W-%X2+ ,Q WKHLU DUWLFOH
+LQH 'DOVLQ DQG 6FKUHFN DOVR QRWHG WKDW ³LQ WKH SUHSDUDWLRQ RI RUWKRIRUPDWHV IURP
KDORIRUPVDQGDONDOLPHWDODONR[LGHVGLFKORURIOXRURPHWKDQHLVWKHKDORIRUPRIFKRLFH´
DQG WKDW³IOXRURIRUP LV UHODWLYHO\XQUHDFWLYH´XQGHUVXFKFRQGLWLRQV$VFDQEH VHHQ
IURP RXU UHVXOWV HQWULHV  DQG  IOXRURIRUP FDQ EH VXFFHVVIXOO\ XVHG WR SURGXFH
+&2%X-W LQ ! \LHOG ,Q D VFDOH-XS RI WKH UHDFWLRQ RI &+) ZLWK W-%X21D 
PROLQWHUW-EXWDQRO105-VSHFWURVFRSLFDOO\SXUH+&2%X-WZDVLVRODWHGLQ
\LHOG DV D ZKLWH ORZ-PHOWLQJ PS - R& FU\VWDOOLQH VROLG 7KH VWUXFWXUH RI
+&2%X-W ZDV FRQILUPHG E\ D VLQJOH FU\VWDO GLIIUDFWLRQ VWXG\ )LJXUH  $OVR
LQWHUHVWLQJ LV WKH IDFW WKDW LQ DOO RXU UHDFWLRQV RI 52052+ ZLWK &+) WKH
FRUUHVSRQGLQJ GLIOXRURPHWK\O HWKHUV &+)25 ZHUH IRUPHG LQ RQO\ VPDOO DPRXQWV 
-ZKHUHDV VLPLODU WUDQVIRUPDWLRQVRIKDORIRUPVEHDULQJ WZR IOXRULQHDWRPV	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
19 Hine, J.; Dalsin, P. D.; Schreck, J. O. J. Org. Chem. 1969, 34, 3609. 
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KDYH EHHQ UHSRUWHG WR FRQYHQWLRQDOO\ SURGXFH ODUJH TXDQWLWLHV RI VXFK GLIOXRURPHWK\O
HWKHUV20 
:HDOVRSUREHGWKHUHDFWLYLW\RI&+)WRZDUG0J2(WDQG$O23U-LZLWK&+)
LQ (W2+ DQG L-3U2+ UHVSHFWLYHO\ $W WHPSHUDWXUHV XS WR  R& QR UHDFWLRQ ZDV
REVHUYHGZLWKWKHVHPXFKOHVVEDVLFDONR[LGHV2QWKHRWKHUKDQGWKHS\UUROLGHDQLRQ
JHQHUDWHGIURPS\UUROHDQG1D+UHDFWHGZLWKIOXRURIRUPDWR&WRJLYH1D)
WKUHH LVRPHUV RI +&&+1 LQ D  UDWLR DQG FD  RI &+1&+) RQH
LVRPHUDVGHWHFWHGE\*&-06 
 
 
 
)LJXUH257(3GUDZLQJRI+&2%X-WZLWKWKHUPDOHOOLSVRLGVGUDZQDWWKH
SUREDELOLW\OHYHO 
 
 
 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
20 (a) Hine, J.; Tanabe, K. J. Am. Chem. Soc. 1957, 79, 2654. (b) Hine, J.; Porter, J. J. J. Am. Chem. Soc. 
1957, 79, 5493. (c) Hine, J.; Tanabe, K. J. Am. Chem. Soc., 1958, 80, 3002. 
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7KH UHDFWLRQV GHVFULEHG DERYH OLNHO\ LQYROYH WKH LQWHUPHGLDF\ RI GLIOXRURFDUEHQH
&)
-21$SODXVLEOHPHFKDQLVPIRUWKHIRUPDWLRQRI+&25DVWKHPDLQSURGXFWDQG
RIWKHVPDOOTXDQWLWLHVRI&+)25LVSUHVHQWHGLQ6FKHPH,WLVFRQFHLYDEOHWKDWWKH
&)25FDUEHQHSURSRVHGE\+LQHLVFRQYHUWHGWR&25WKDWDVKDVEHHQVKRZQE\
0RVVHWDOIRU5 0H22UHDGLO\UHDFWVZLWK52+WRJLYH+&257KHGLIOXRURPHWK\O
HWKHUV&+)25SURGXFHG LQRQO\-\LHOG LQ WKH UHDFWLRQVDUHPRVW OLNHO\HQG
SURGXFWVUDWKHUWKDQLQWHUPHGLDWHVLQWKHIRUPDWLRQRIWKHRUWKRIRUPDWHVE 
 
 
6FKHPH3URSRVHGPHFKDQLVPIRUWKHIRUPDWLRQRIRUWKRIRUPDWHHVWHUVIURP&+) 
 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
21 Le Noble, W. J. J. Am. Chem. Soc., 1965, 87, 2434. 
22 Moss, R. A.; Wlostowski, M.; Shen, S.; Krogh-Jespersen, K.; Matro, A. J. Am. Chem. Soc. 1988, 110, 
4443. 
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7DEOH5HDFWLRQVRIIOXRURIRUPZLWKDONDOLPHWDOK\GUR[LGHVDQGDONR[LGHVD 
(QWU\ %DVHJ 6ROYHQWP/ 7R& &RQYHUVLRQRIEDVH 
<LHOGRI
+&20 
+&25\LHOG 
 1D2+ -     
 .2+ -     
E 1D2+ -     
 1D2+ 0H2+    &+20H 
 1D2+ (W2+    &+2(W 
 1D2+ L-3U2+    &+23U-L 
 1D2+ W-%X2+    &+2%X-W 
 0H21D 0H2+    &+20H 
 0H21D GLJO\PH    &+20H 
 (W21D (W2+    &+2(W 
 L-3U21DF L-3U2+    &+23U-L 
 W-%X21D W-%X2+    &+2%X-W 
 W-%X2. W-%X2+    &+2%X-W 
 &+ &+&+21DF &+ &+&+2+    &+2&+&+ &+ 
a Reaction conditions: base (20 mmol), CHF3 (initial pressure 50 psi), 90-mL Fisher-Porter tube, 24 h. NMR yields (±5%) calculated using equations in Schemes 3.1-3.3 on 
the total amount of base used for the reaction (see the Experimental Section for details). b Without agitation. c Generated in situ by adding 0.8 g of NaH (60% suspension in 
mineral oil) to the specified amount of the corresponding alcohol. 
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&RQFOXVLRQV 
7KH REMHFWLYHV RI WKLV SURMHFW KDYH EHHQ VXFFHVVIXOO\ PHW ,Q WKLV ZRUN ZH KDYH
FRQILUPHG WKDW LQ IXOO DFFRUGZLWK WKH RULJLQDO HDUO\ ¶V UHSRUWV E\0HVODQV DQG
&KDEULp IOXRURIRUP UHDFWV ZLWK 1D2+ RU .2+ DW  R& WR JLYH PL[WXUHV RI WKH
FRUUHVSRQGLQJPHWDOIOXRULGHDQGIRUPDWH6ROXWLRQVRI1D2+LQYDULRXVDOFRKROV52+
5 0H(W L-3UDQG W-%X DOVRK\GURO\]H&+) WR1D)DQG+&221D ,PSRUWDQWO\
KRZHYHU WKH FRUUHVSRQGLQJ RUWKRIRUPDWH XS WR  LV DOVR SURGXFHG LQ WKHVH
UHDFWLRQV$JDLQVWSUHYLRXVO\ UHSRUWHGREVHUYDWLRQV IOXRURIRUPFDQEHVXIILFLHQWO\
UHDFWLYHWRZDUG0250 1D.LQ52+5 0H(WL-3UW-%XDQG$OO\OWRJLYH
WKH FRUUHVSRQGLQJ RUWKRIRUPDWH HVWHUV LQ ± \LHOG SURYLGHG WKH UHDFWLRQV DUH
FDUULHGRXWDW±R&2ISDUWLFXODULQWHUHVWLVWKHIRUPDWLRQRI+&2%X-W±
\LHOG D VLPSOH \HW H[WUHPHO\ UDUH DQG SRRUO\ DFFHVVLEOH RUJDQLF FRPSRXQG WKDW KDV
EHHQSUHYLRXVO\V\QWKHVL]HGRQO\RQFHDQGLQRQO\\LHOG$VFDOH-XSRIWKHUHDFWLRQ
RI &+) ZLWK W-%X21D  PRO LQ W-%X2+ SURGXFHG +&2%X-W WKDW KDV EHHQ
LVRODWHG SXUH LQ  \LHOG DQG VWUXFWXUDOO\ FKDUDFWHUL]HG ,W LV KRSHG WKDW WKH RYHUDOO
VLPSOH ORZ-FRVW WUDQVIRUPDWLRQV GHYHORSHG LQ WKH FXUUHQW ZRUN PD\ FRQWULEXWH WR D
VROXWLRQIRUWKH+)&-HFRORJLFDOSUREOHP 
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Experimental Section 
*HQHUDO FRQVLGHUDWLRQ &KHPLFDOV ZHUH SXUFKDVHG IURP$OGULFK (W21D W-%X21D
(W20J L-3U2$O S\UUROH DOO\O DOFRKRO &)&21D -EHQ]RGLR[ROH 3K&)
$OID$HVDU 0H21D W-%X2. W-%X2+&+&21D$FURV 1D+VXVSHQVLRQ LQ
PLQHUDORLO$SROOR6FLHQWLILF &+)3DQUHDF 1D2+DQG&DUOR(UED .2+
0HWKDQROHWKDQRO LVRSURSDQRO WHUW-EXWDQRO WROXHQHDQGSHQWDQHZHUHXVHGDV
UHFHLYHG XQOHVV RWKHUZLVH QRWHG $QK\GURXV 0H2+ (W2+ L-3U2+ W-%X2+ DOO\O
DOFRKRO DQG S\UUROH ZHUH GLVWLOOHG IURP &D+ XQGHU DUJRQ DQG VWRUHG RYHU IUHVKO\
DFWLYDWHGcPROHFXODUVLHYHVLQDQDUJRQJORYHER[6RGLXPWULIOXRURDFHWDWHZDVGULHG
DW  R&XQGHU YDFXXP PP+J DQG VWRUHG LQ WKH JORYHER[ + DQG )105
VSHFWUD ZHUH UHFRUGHG RQ D %UXNHU $YDQFH  8OWUDVKLHOG 105 VSHFWURPHWHU 
-%HQ]RGLR[ROH EHQ]RWULIOXRULGH VRGLXP DFHWDWH DQG VRGLXP WULIOXRURDFHWDWH ZHUH
XVHGDVLQWHUQDOVWDQGDUGVIRUTXDQWLWDWLYH+DQG)' V105DQDO\VLV$JLOHQW
7HFKQRORJLHV $-& DQG % LQVWUXPHQWV ZHUH XVHG IRU *&-06 DQG 
*&-7&'DQDO\VHVUHVSHFWLYHO\ 
 
$ONDOLQHK\GURO\VLVRI&+)7DEOHHQWULHV-$-P/)LVKHU-3RUWHUWXEH
FRQWDLQLQJ D7HIORQ-FRDWHGPDJQHWLF VWLU EDUZDV FKDUJHG LQ DLUZLWK IUHVKO\ JURXQG
DONDOL PPRO FDOFXODWHG RQ WKH02+ DVVD\ LQ WKH UHDJHQW XVHG HYDFXDWHG DQG
SUHVVXUL]HGZLWK&+)WRSVL$IWHUKRIKHDWLQJDW
R&RLOEDWKVHH7DEOH
IRUVSHFLILFVWKHWXEHZDVDOORZHGWRFRROWRURRPWHPSHUDWXUHDQGWKHJDVSKDVHZDV
DQDO\]HGIRU&2E\*&-7&'7RWKHFRQWHQWVRIWKHWXEHZHUHDGGHGZDWHUP/
VRGLXP DFHWDWH DQG VRGLXP WULIOXRURDFHWDWH DV LQWHUQDO VWDQGDUGV 7DEOH  
$FD-P/DOLTXRWRIWKHUHVXOWDQWDTXHRXVVROXWLRQZDVDGPL[HGZLWK'2P/
DQG TXDQWLWDWLYHO\ DQDO\]HG E\ + IRU+&2
- DQG ) IRU )-105 VHH7DEOHV  
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DQG  7KH DPRXQW RI WKH EDVH FRQVXPHG LQ WKH UHDFWLRQZDV FDOFXODWHG XVLQJ WKH
VWRLFKLRPHWU\GLVSOD\HG LQ6FKHPHDVD VXPRI WKHDPRXQWVRI WKH)- DQG+&2
-
SURGXFHG 
 
5HDFWLRQV RI &+) ZLWK 1D2+ LQ DOFRKROV 7DEOH  HQWULHV - $ -P/
)LVKHU-3RUWHUWXEHFRQWDLQLQJD7HIORQ-FRDWHGPDJQHWLFVWLUEDUZDVFKDUJHGLQDLUZLWK
IUHVKO\JURXQG1D2+SXULW\JPPRODQGDQDOFRKROVHH7DEOHIRU
VSHFLILFV TXLFNO\ HYDFXDWHG DQG SUHVVXUL]HG ZLWK &+) WR  SVL $IWHU  K RI
DJLWDWLRQDW R&RUR&RLOEDWKVHH7DEOH WKH WXEHZDVDOORZHG WRFRRO WR
URRP WHPSHUDWXUH XQVHDOHG DQG LWV FRQWHQWV ZHUH WUHDWHG ZLWK WROXHQH  P/
FRQWDLQLQJ-EHQ]RGLR[ROHP/PJDQGEHQ]RWULIOXRULGHP/PJDV
LQWHUQDO VWDQGDUGV8SRQ DJLWDWLRQ D VROLG LQRUJDQLFSKDVH DQG D OLTXLGRUJDQLFSKDVH
ZHUHSURGXFHG$FD-P/DOLTXRWRI WKHRUJDQLFSKDVHZDV ILOWHUHG WKURXJK&HOLWH
DQGWKHILOWUDWHZDVDGPL[HGZLWK&'P/DQGDQDO\]HGZLWKLQDQKRXUILUVWE\
+ DQG ) 105 VHH 7DEOHV  DQG  DQG WKHQ E\ *&-06 $ ORQJHU GHOD\ LQ
FDUU\LQJRXWWKHDQDO\VLVPD\SURGXFHLQFRUUHFWGDWDEHFDXVHRISDUWLDOVORZK\GURO\VLV
RI WKH RUWKRIRUPDWH SURGXFW ZLWK UHVLGXDOPRLVWXUH LQ WKH WROXHQH VROYHQW DQG LQ WKH
DWPRVSKHUH7KHVROLGLQRUJDQLFSKDVHZDVVHSDUDWHGE\ILOWUDWLRQZDVKHGZLWKWROXHQH
 î  P/ DQG GLVVROYHG LQ ZDWHU  P/ 6RGLXP DFHWDWH DQG VRGLXP
WULIOXRURDFHWDWHZHUHDGGHGDVLQWHUQDOVWDQGDUGV$FD-P/DOLTXRWRI WKLVDTXHRXV
VROXWLRQ ZDV DGPL[HG ZLWK '2  P/ DQG TXDQWLWDWLYHO\ DQDO\]HG E\
+ DQG 
)105VHH7DEOHVDQG7KHDPRXQWRIWKHEDVHFRQVXPHGLQWKHUHDFWLRQZDV
FDOFXODWHGXVLQJ WKH VWRLFKLRPHWU\GLVSOD\HG LQ6FKHPHV DQG DV D VXPRI WKH
DPRXQWVRIWKH)-DQG+&2
-SURGXFHG 
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5HDFWLRQVRI&+)ZLWK025LQDOFRKROV7DEOHHQWULHVDQG 
$-P/)LVKHU-3RUWHU WXEHFRQWDLQLQJD7HIORQ-FRDWHGPDJQHWLFVWLUEDUZDVFKDUJHG
LQ D JORYHER[ ZLWK D PHWDO DONR[LGH  PPRO DQG WKH FRUUHVSRQGLQJ DQK\GURXV
DOFRKRO VHH7DEOH  IRU VSHFLILFV EURXJKW RXW TXLFNO\ HYDFXDWHG DQG SUHVVXUL]HG
ZLWK&+)WRSVL$IWHUKRIDJLWDWLRQDW
R&RUR&RLOEDWKVHH7DEOH
WKH WXEH ZDV DOORZHG WR FRRO WR URRP WHPSHUDWXUH XQVHDOHG DQG LWV FRQWHQWV ZHUH
WUHDWHG ZLWK WROXHQH  P/ FRQWDLQLQJ -EHQ]RGLR[ROH  P/  PJ DQG
EHQ]RWULIOXRULGH  P/  PJ DV LQWHUQDO VWDQGDUGV $ FD -P/ DOLTXRW RI WKH
UHVXOWDQWVXVSHQVLRQZDVILOWHUHGWKURXJK&HOLWHDQGWKHILOWUDWHZDVDGPL[HGZLWK&'
P/DQGDQDO\]HGZLWKLQDQKRXUILUVWE\+DQG)105VHH7DEOHVDQG
DQGWKHQE\*&-06$ORQJHUGHOD\LQFDUU\LQJRXWWKHDQDO\VLVPD\SURGXFHLQFRUUHFW
GDWD EHFDXVH RI SDUWLDO VORZ K\GURO\VLV RI WKH RUWKRIRUPDWH SURGXFW ZLWK UHVLGXDO
PRLVWXUH LQ WKH WROXHQH VROYHQW DQG LQ WKH DWPRVSKHUH 7R WKH UHVW RI WKH UHDFWLRQ
PL[WXUHZHUHDGGHGZDWHUP/DQGVRGLXPWULIOXRURDFHWDWHDVDQLQWHUQDOVWDQGDUG
$ FD -P/ DOLTXRW RI WKLV DTXHRXV VROXWLRQZDV DGPL[HG ZLWK '2 P/ DQG
TXDQWLWDWLYHO\DQDO\]HGE\+DQG)105VHH7DEOHVDQG 
 
5HDFWLRQVRI&+)ZLWK1D25JHQHUDWHGLQVLWXIURP1D+LQ52+7DEOH
HQWULHV  DQG$-P/)LVKHU-3RUWHU WXEH FRQWDLQLQJ D7HIORQ-FRDWHGPDJQHWLF
VWLUEDUZDVFKDUJHGLQDJORYHER[ZLWK1D+VXVSHQVLRQLQPLQHUDORLOJ 
 PPRO DQG DQK\GURXV L-3U2+ RU DOO\O DOFRKRO VHH 7DEOH  IRU VSHFLILFV DQG
EURXJKWRXW$IWHUVWLUULQJIRUPLQDWR&RLOEDWKWKHWXEHZDVFRROHGWRURRP
WHPSHUDWXUH TXLFNO\ HYDFXDWHG DQG SUHVVXUL]HG ZLWK &+) WR  SVL $IWHU  RI
DJLWDWLRQ DW  R& RLO EDWK VHH 7DEOH  WKH WXEH ZDV DOORZHG WR FRRO WR URRP
WHPSHUDWXUH XQVHDOHG DQG LWV FRQWHQWVZHUH WUHDWHGZLWK WROXHQH P/ FRQWDLQLQJ
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-EHQ]RGLR[ROH P/ PJ DQG EHQ]RWULIOXRULGH P/ PJ DV LQWHUQDO
VWDQGDUGV$FD-P/DOLTXRWRI WKHUHVXOWDQWVXVSHQVLRQZDVILOWHUHGWKURXJK&HOLWH
DQGWKHILOWUDWHZDVDGPL[HGZLWK&'P/DQGDQDO\]HGZLWKLQDQKRXUILUVWE\
+ DQG ) 105 VHH 7DEOHV  DQG  DQG WKHQ E\ *&-06 $ ORQJHU GHOD\ LQ
FDUU\LQJRXWWKHDQDO\VLVPD\SURGXFHLQFRUUHFWGDWDEHFDXVHRISDUWLDOVORZK\GURO\VLV
RI WKH RUWKRIRUPDWH SURGXFW ZLWK UHVLGXDOPRLVWXUH LQ WKH WROXHQH VROYHQW DQG LQ WKH
DWPRVSKHUH 7R WKH UHVW RI WKH UHDFWLRQ PL[WXUH ZHUH DGGHG ZDWHU  P/ DQG
VRGLXP WULIOXRURDFHWDWH DV DQ LQWHUQDO VWDQGDUG $ FD -P/ DOLTXRW RI WKLV DTXHRXV
VROXWLRQZDV DGPL[HGZLWK'2 P/ DQG TXDQWLWDWLYHO\ DQDO\]HG E\
+ DQG )
105VHH7DEOHVDQG 
 
3UHSDUDWLRQ RI +&2%X-W $ -P/ )LVKHU-3RUWHU ERWWOH FRQWDLQLQJ D 7HIORQ-
FRDWHGPDJQHWLFVWLUEDUZDVFKDUJHGLQDJORYHER[ZLWKW-%X21DJPPRO
DQG W-%X2+ P/ EURXJKW RXW TXLFNO\ HYDFXDWHG DQG SUHVVXUL]HGZLWK &+) WR 
SVL$IWHUKRIDJLWDWLRQDWR&RLOEDWKWKHERWWOHZDVDOORZHGWRFRROWRURRP
WHPSHUDWXUH DQG RSHQHG WR DLU 3HQWDQH  P/ ZDV DGGHG DQG WKH PL[WXUH ZDV
WUDQVIHUUHGWRD-P/IODVN7KHERWWOHZDVULQVHGZLWKSHQWDQHîP/DQGWKH
FRPELQHGUHDFWLRQPL[WXUHDQGWKHZDVKLQJVZHUHHYDSRUDWHGRQDURWDU\HYDSRUDWRUWR
UHPRYHWKHSHQWDQHDQGW-%X2+9DFXXPWUDQVIHURIWKHUHVLGXHDWFDPP+JZLWK
JHQWOHKHDWLQJIROORZHGE\GU\LQJRQDURWDU\HYDSRUDWRUFDPEDUDWR&IRUK
JDYHJ RI+&2%X-WDVDFRORUOHVV OLTXLG WKDWFU\VWDOOL]HGRQFRROLQJ WR 
 R& 7KH FRPSRXQGZDV VSHFWURVFRSLFDOO\ SXUH +105 GU\&'&O į  V
+V+&105GU\&'&Oį 
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7DEOH105GDWD IRU FRPSRXQGVREWDLQHGDQG IRU LQWHUQDO VWDQGDUGV LQ UHDFWLRQ
PL[WXUHV 
&RPSRXQG +105į )105į 
-EHQ]RGLR[ROH V+-P+ - 
&+20H V+V+ - 
&+2(W 
W- +]+ 
T- +]+V+ 
- 
&+23U-L 
G- +]+ 
VHSW- +]+V+ 
- 
&+2%X-W V+V+ - 
&+2DOO\O 
P+PD 
-PDP+ 
- 
&+&21D  - 
+&21D   
3K&) - - 
&+)20H W-)+ +] -G-)+ +] 
&+)2(W W-)+ +] -G-)+ +] 
&+)23U-L W-)+ +] -G-)+ +] 
&+)2%X-W W-)+ +] -G-)+ +] 
&+)2DOO\O -E -G-)+ +] 
 
-E -G-)+ +] 
&)&21D - - 
)- - - 
a Signals overlapped with those from the residual allyl alcohol. b Although the 1H NMR signals could not 
be observed because of their low intensity and overlap with other resonances, the presence of these 
products was confirmed by 19F NMR and GC-MS. 
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